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Southern South Island silver beech (L. menziesii) forests: growth rates and 
potential natural distribution 
Every species occupies a geographic area known as its range.  The range of a species is 
determined by the environmental niche of that species.  Within the range, the 
environmental suitability for a species will range from low to high.  Beech forests 
occupied a wider range 2,000 years ago, and this study explores this range before the 
arrival of humans in New Zealand.  Relying extensively upon samples extracted from 
lower elevation plots, where climate extremes are less severe, this generated more 
complacent growth ring patterns, rendering analysis more difficult. 
This project is to test if changes in environmental suitability translate to predictable 
changes in species growth for silver beech (Lophozonia menziesii) across the lower South 
Island of New Zealand, (generally below the 44th parallel) by studying the relationship 
between growth rates across a gradient of environmental (climatic) conditions. 
Field data collection was undertaken on 18 different sites at 11 locations.  Two core 
samples were extracted from 56 trees, generating 112 samples for analysis.  Forest 
characteristics were noted, and plot photographs were taken.  Cores were analysed by low 
powered microscope.  An annual average radial growth increment of 1.24 mm was found, 
with a significant inverse relationship observed between annual growth and plot 
elevation, this lessening at higher elevations.  Linkages between climate factors and plot 
annual growth were found, some peaks for mean air temperatures loosely matching those 
for total precipitation.  Annual growth was found to be greater in warmer, and in drier 
areas, but not significantly so.  Mean air temperature and total precipitation have slightly 
positive influences upon annual growth over the 40 year study period.  Annual growth 
was found to be higher on south-facing slopes.  Masting was considered as a biotic factor 
in tree annual growth. 
Competition from adjacent plants was found, at lower elevations, to exercise a strongly 
inverse effect on average annual growth but at higher elevations it was found to be slightly 
positive.  It was found that the abiotic factors of elevation and to a lesser extent, aspect, 
were the major drivers of annual growth. 
In the past, silver beech forests, mixed with patches of New Zealand conifers, would have 
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Chapter 1 - Introduction 
The geographic distribution of all living organisms is determined by their niche - the 
biotic and abiotic environmental conditions within which individuals of a species can 
persist and form viable populations (Elton, 1927; Colwell and Rangell, 2009; Holt, 2009).  
The geographic distributions of species change in response to changes in environmental 
conditions; and a large body of evidence exists for examples of past changes in both 
location and size of species' ranges during the most recent glacial and interglacial cycles 
(Holt, 2009)  In more recent times, range shifts have been observed over much shorter 
time scales in directions that would be expected under recent climate change, ie 
northwards shifts of a wide range of species on the northern hemisphere (Parmesan and 
Yohe, 2003; Hickling et al., 2006).  Insights into factors determining species' range limits 
are therefore crucial for understanding the spatial responses of species and ecosystems to 
past and future environemntal change (Sexton et al., 2009).  It is the processes within a 
range that will ultimately determine whether the range of a species will shift, expand or 
shrink as the environment changes.  There is some evidence that vital rates such as growth 
and reproduction vary amongst populations across the range of a species (Jump et al., 
2006). However, few studies have quantified the degree to which a species' vital trait 
varies across its geographic and climatic niche of the species.  This study provides such 
an assessment for one of New Zealand's key tree species, silver beech (Lophozonia 
menziesii). It investigates the degree to which annual growth of the species varies has 
varied over the last 40 years across the current geographic range and climatic niche of the 
species in the lower South Island of New Zealand. 
1.1  The niche 
Climatic changes govern the distributions of plant species, as they respond to the changes, 
in some instances clinging to life in a less than hospitable habitat, in others, spreading 
more profusely because the habitat was favourable.  Such ecological responses are known 
as niches, where a species may be found, in contrast to other places, where aspects, slopes 
or positions are less favourable to that plant.  However niches are more than simply 
spaces.  Philosophically, they are a biome where climate, soil and other environmental 




The niche concept was described by Grinnell (1917) who considered environmental 
factors, enlarged upon by Elton (1927) who dwelt upon its functional aspects, and more 
recently by Hutchinson (1957) who viewed it as an intersection of many variables, where 
the factors of environment (in its widest sense) combine to allow a species to survive.  
These conceptualisations help to explain the geographic distribution of species, and the 
changes considered to have occurred within species as they accommodated (or failed to 
adapt to) changes in the environment (Lomolino et al., 2010). 
1.2  New Zealand's environment and climate 
Approximately 80 million years before present (ybp), continental “Zealandia” began 
splitting from Gondwana and the Tasman Sea came into being.  Over the ensuing 60 
million years, Zealandia was completely submerged (Campbell, 2013; Landis et al., 
2008), or became almost fully submerged (Bunce et al., 2009; Conran et al., 2014).  New 
Zealand then endured further massive uplifts, with extensive mountain range-building 
occurring during the last 25 million ybp (Gibbs, 2006; Mortimer and Campbell, 2014).  
These changes have sharply affected climates, vegetation and land-dwelling creatures, 
and each ecosystem, bounded by an ecotone, is characterised by the life found there 
(Lomolino et al., 2006).  As the climate underwent change, so did the biome (Gibbs, 
2006; Poole and Adams, 1963). During the Pleistocene and early Holocene Epochs (the 
past 2 million ybp), the New Zealand climate underwent as many as 20 glacial cycles, 
each of which lasted for approximately 100,000 years (Gibbs, 2006).  The last glacial 
maximum (LGM) some 20,000 ybp, reduced annual temperatures approximately 5˚C 
below those of the present (Mortimer and Campbell, 2014).  After the LGM, New Zealand 
temperatures steadily increased between 15,000 and 11,000 ybp., before lowering slightly 
some 7,000 ybp, remaining thereafter at approximately the current level (Sturman and 
Tapper, 2006). 
New Zealand has a maritime climate and is a small, isolated land mass.  Lying across the 
prevailing west to southwesterly winds, its western coasts attract much more precipitation 
than do the eastern coasts, because the main divide near the western coastline forces 
moisture-laden air until its dew point is reached.  The rising air mass is forced higher, 
leading to a greater drop in temperature from adiabatic expansion, and the moisture 
previously suspended in the atmosphere falls as precipitation (Holden, 2008).  There is a 




shadow area of the inland-central South Island.  Along the eastern coast, the marine 
influence again exerts itself, increasing rainfall up to approximately twice the levels 
experienced inland (Sturman and Tapper, 2005). 
1.3  New Zealand forests 
New Zealand forests are made up of two main forest types, conifer-broadleaf, and the 
southern beeches (Poole and Adams, 1963; Dawson and Lucas, 2012).  There are many 
similarities between tropical rainforests and the New Zealand conifer-broadleaf forests, 
and most species are evergreen, with dense undergrowth including vines, epiphytes and 
ferns (Poole and Adams, 1963).  Approximately 2300 indigenous species are known, of 
which more than 80% are endemic (Dawson and Lucas, 2012; Wardle, 1991). 
In contrast to the New Zealand conifer-broadleaf forests, the southern beech forests 
contain fewer species and often have sparse undergrowth, which allows sunlight to reach 
the forest floor (Dawson and Lucas, 2012; Poole, 1987).  Occupying elevations from near 
sea-level to the upper tree line in alpine areas, beech forests display changes of form as 
their growth, at lower levels exceeding tree heights of up to 30 m, with up to 10 m of clear 
trunk, becoming dwarved as they are affected by cold and snow at the upper bush edge 
(approximately 900 to 1200 m a.s.l. in the lower South Island)(Dawson and Lucas, 2012; 
Poole, 1987). 
Between these two forest types are a range of intermediate types, where one type 
transitions gradually into the other, and the juvenile forms displayed by many New 
Zealand species suggest browsing or climatic pressures which evolved in the face of such 
dynamism (Poole and Adams, 1963).  A gradual conversion of conifer-broadleaf forests 
to beech forests as a result of relatively slight climate changes over millennia, and 
numerous reversals have been suggested by Gibbs (2006) throughout the Pleistocene (2 
m.y.a.) and, particularly since the last glacial maximum (LGM)(approximately 20, 000 
y.b.p.)(Darby et al., 2003). 
1.4  Dendrochronology 
Tree rings provide accessible information on annual growth rates of many woody species 
(Stokes and Smiley, 1968)  Annual tree rings are valuable as sensors indicating 




precipitation (Holopainen and Helama, 2009).  In New Zealand, several species have 
displayed such linkages, including Lophozonia menziesii (formerly Nothofagus 
menziesii) (Norton, in Cook and Kairiukstis, 1990).  The information they provide ranges 
from seasonal to millennial, offering insights into past temperatures, precipitation, 
biomass, vegetation patterns, volcanic eruptions and solar activity (Bradley, 1999).  
Although recognised as climate indicators, having long been used as chronological 
indicators (Cook and Kairiukstis, 1990; Sturman and Tapper, 2006), in the present study 
they are simply being used to ascertain annual growth at different plots across the lower 
South Island of New Zealand. 
1.5  Research aim and questions 
The aim of this project is to quantify the degree to which annual growth of silver beech 
(L. menziessii) varies across its geographic range and climatic niche in the lower South 
Island, New Zealand. The project addresses three key questions: 
1. Is there local, within-tree and within-plot variation, in annual growth in silver 
beech across the lower South Island of New Zealand? 
2. Is there regional, between-plot variation, in annual growth along the main climate 
gradients across the lower South Island of New Zealand? 
3. Are there temporal trends in annual growth over the last 40 years and do these 
trends differ across the range of the species? 
4. What is the relative importance of climate, local topography, and intra- and inter-
specific competition as drivers of annual tree growth? 
 
1.6  Structure of the thesis 
This thesis consists of six chapters.  Chapter 2 provides a theoretical overview of the 
topics of niche and environmental spaces, past and current New Zealand vegetation, and 
of the Southern beeches, which form the content of the study. 
Chapter 3 describes the methodology followed in this research, outlining the selection of 
the study area and sample plots, before describing the detail of tree coring, environmental 
measurements and climate data used.  Chapter 4 provides the results.  These last are 
discussed in chapter 5, and conclusions arrived at are outlined in chapter 6.  Nine 




Chapter 2 - Theoretical review 
 
In this chapter, the main concepts relevant to this study are introduced and discussed:  
1) The niche concept; 
2) Past and current vegetation of New Zealand; 
3) The southern beeches; and 
4) Tree growth. 
 
2.1 The niche concept 
2.1.1 Definitions 
An ecological niche is “A set of ecological conditions which provides a species with the 
energy and habitat which enable it to reproduce and colonize … usually identified by the 
needs of the organism” (Mayhew, 2009: p. 349).  The fundamental niche is an 
environmental space in which a species could survive (Hutchinson, 1957), and the 
realised niche is the niche condition in the presence of other species.  It represents, “… 
those conditions in which it does exist in the presence of interacting species” (Chase and 
Leibold, 2003)(p. 53).  Other definitions are to be found in the glossary (Appendix A). 
2.1.2 Niche space vs environmental space 
Niche was at first considered to be a definable area (location), before being regarded more 
recently as an area with similar environmental conditions, which may or may not include 
geographic considerations (Elton, 1966).  Where these two concepts overlap creates a 
habitat for a species (Kellman, 1975).  Interestingly, Hutchinson (1957) raised the concept 
of time in this context, where he noted that diurnal and nocturnal species, even though in 
the same area, are occupying two niches. 
The environmental niche is larger than the realised niche because it covers all aspects of 
a niche (in the absence of other species)(Figure 2.1).  It also shows the relationship 
between the environmental space and the niche space of a species (the species niche).  
Conditions of temperature and precipitation confer a suitable habitat across the 
environmental space, but for quite simple reasons the only places where the life form is 
found is the niche space – perhaps (for land-based life), because it is above sea level, or 




a niche could be mobile, as birds followed large mammals, feeding on insects living on 
or near them). 
With the optimal condition for a plant to live marked by the star (Figure 2.1), as the 
periphery of the niche space is approached, the realised niche becomes progressively less 
suitable for the plant, placing it under increasing stress because of less suitable living 
conditions (Lomolino et al., 2010).  The oval rings connect points of equal suitability for 
the species.  The zone beyond the realised niche contains the environmental space, which 
is bounded by an outer line.  This outer line defines the environmental space, beyond 















Figure 2.1: Environmental space, compared to the space where a species is actually 
found.  The star represents the optimal location for that species. 
 
Boundaries for an environmental space may coincide with a shoreline, or a cliff edge, but 
such physical features do not always define the limits of a geographic, or even of a 
fundamental niche.  The environmental space is shown when (for example) temperatures 
and precipitation values are plotted (Figure 2.2).  Land areas may be shown on the same 
plot, but are most unlikely to take the same shape as the environmental space.  This leads 
to the environmental niche, the relationship between the geographic attributes of a 
species, and environmental variables. 


















2.1.3 Niches and species distributions 
A natural environment, “… includes the nature of the living space … the chemical 
constituents and physical properties of the living space, the climate, and the assortment 
of other organisms present” (Mayhew, 2009, p. 159).  This corresponds to the 
geographical space, the physical location in which an organism exists.  The lower South 
Island of New Zealand environmental space is derived from the precipitation and mean 
annual temperature components of the environment used in the World Climate CliFlo 
modelling data (Hijmans et al., 2005)(Figure 2.2). 
The climate station locations in the environmental space below latitude 44° S (Figure 2.2) 
tend to be where lower precipitation and warmer temperatures prevail, reflecting the 
predominance of lower altitude locations for these.  Beech sampling plots for the present 
project, are located at somewhat higher elevations, and so are more widely distributed 
across the range of mean temperatures and total annual precipitations. 
 
Figure 2.2: Environmental space below latitude 44° south, with NIWA climate station 
sites and beech sample plots (Hijmans et al., 2005). 
 
The lower South Island, obviously defined by its geography, reflects human habitation 
patterns in that the NIWA climate stations are located relatively close to settlements.  The 





Across the lower South Island, areas with different aspects, soils and elevations, foster 
differences in all forms of life found there.  Plant life, being less mobile than mammals 
and avifauna, must adapt to climate changes undergone by the land, and either spread or 
become limited to locations, or dies out.  Speciation, as the adaptation is known, is greatly 
influenced by such differences (Lomolino et al., 2006). 
 
Figure 2.3: Geographical space, lower South Island, below latitude 44° south, with 
NIWA climate station sites and beech sample plots. 
 
Hua and Weins (2013) devised a model-based study which examined how climate 
influences speciation, the divergence of ancestral species into two or more reproductively 
isolated species.  Their tentative findings were that “…speciation through niche 
conservatism” (p. 11) was supported by their modelling.  Niche conservatism is the 
tendency of a species to retain ancestral traits over time (Williams and Jackson, 2007). 
Broennimann et al., (2007) explored speciation, finding that an invasive species can 
occupy climatically distinct niche spaces after spreading to a new area.  They argue for 
an iterative situation, where feedback following release from abiotic and biotic pressures 
may lead to a niche shift in the introduced range, so affecting the realised niche for the 




its range, permitting it to exist in a new niche, these changes taking place through either 
genetic drift or by selection, so altering the fundamental niche of the species. 
Gibbs (2006) notes that the low incidence of winter adaptation and the high degree of 
regional endemism strongly suggests the persistence of evolved species remaining within 
a biome.  Generally, the small geographic scale of New Zealand, and its isolation, 
precluded migration as an option for species threatened by extinction through loss of its 
climatic niche.  Disturbances such as those arising from glaciation or partial marine 
inundation are thought to have left a pattern of distributions with gaps (Bunce et al., 
2009).  Glaciation, which is thought to have affected the South Island, and marine 
inundation, affecting the North Island, remains a focus for debates over the recognised 
endemic-rich zones of the northern North Island, the upper and lower South Island (Bunce 
et al., 2009; Mortimer and Campbell, 2014). 
All species strive to survive to propagate, and one of the mechanisms by which this 
achieved is by genetic recombination.  This is one of an array of processes by which genes 
become interchanged and altered in a breeding population (Lomolino et al., 2006; 2010).  
Genetic recombination ensures not only a generally homogenous population in many 
characteristics, but also permits a degree of random variability which may be helpful for 
the long term survival of a species should environmental conditions change to induce 
stress upon its population (Kellman, 1975).  Climatic factors, part of the array of 
environmental conditions which govern life, are in the upper part of Figure 2.4, above the 
“cranked” dividing line.  Those below the dividing line are more localised, non-climatic 
factors (Figure 2.4). 
A dynamic aspect of what is shown by Figure 2.4 is climate space, where a combination 
of climate conditions which has not existed during one time period, but which exists in 
another is known as a “novel” climate space (Ohlemüller, 2011).  An alternative, a 
“disappearing” climate space, is one which formerly existed, but which no longer exists.  
Such changes in climate space have consequences for species whose climate spaces (or 





Figure 2.4: Environmental factors which control the nature and distribution of plant 
communities.  (After Smithson et al., 2008, p. 489). 
When an environmental space contains a range of conditions (Figure 2.1), then it is 
possible for adaptation to take place as natural selection ensures a plant species adapts to 
changes in precipitation, or to temperature, or to a host of other conditions, (Raven et al., 
2005)(Figure 2.4). 
2.1.4 Combined factors 
The climatic changes which influence the environment in southern New Zealand are 
effective over linear distances ranging from centimetres to hundreds of kilometres.  These 
affect, at the microclimatic scale, individual plants and trees, and vertical energy transfers 
dominate.  As the scale transitions to the macro, the motions imposed by climatic energy 
transfers become equally divided between vertical and horizontal components until at the 
macro level, affecting the entire study area, the dominant direction of energy transfer is 
horizontal (Oke, 1987; Sturman and Tapper, 2006). 
These effects contribute to growth patterns which are reflected by the distribution of plant 
species.  Differences in elevation and aspect contribute to differences in precipitation, and 
to the mean annual temperatures received at each plot.  Microclimates arising from the 
plot aspect, slope, even the shadow cast by individual plants, create major differences 
(Adams, 2007).  Wardle (1984) refers to various forest classification methods, 




dominant canopy cover; on the basis of understorey species presence; and according to 
topography. 
Of these factors, elevation is viewed as an important determinant of species richness 
(Ohlemüller and Wilson, 2000), although the presence of canopy gaps and coniferous 
species also impacts upon plant life at a given site (Lusk and Smith, 1998).  The growth 
of individual trees (in terms of timber volume) is generated by site quality, an amalgam 
of aspect, elevation and soil suitability (Franklin, 1965; MoF and NZFFA, 1998).  
Professional foresters qualify the identification of sites identified for optimal tree growth 
by noting the species for which the plantation site is recognised (Hunter and Gibson, 
1984). 
Beech growth, in terms of its ability to occupy natural forest gaps arising from episodic 
tree fall, is highly dependent upon canopy gaps which trigger seedling growth.  The 
presence of forest gaps also dictates whether the seedling gains in height, or width (Lusk 
and Smith, 1998; Leathwick, 1998).  These factors are determined by the gap diameter 
and canopy height, and are strongly affected by elevation (Ogden et al., 1991). 
2.1.5 Climate and tree growth in New Zealand 
Forest cover in the lower South Island study area, although dominated by silver beech 
before the time of the present study (2,000 y.b.p.), contained patches of podocarps 
(McGlone et al., 1995).  The fundamental niche then for silver beech was the entire lower 
South Island, yet the far smaller realised niche modelled by Leathwick (1995) is centred 
on western Southland, to the west of Lakes Poteriteri, Manapouri, and Te Anau (Table 
3.1, Figures 3.1 and 3.2).  This area, because of its high precipitation (in the range of 
2,000+ mm per annum), and mean temperature (generally 9°C or more)(Table 4.1), has 
leached, low-fertility soils (McGlone et al., 1995). 
Silver beech, perhaps more than the other beech species, is more tolerant of deficiencies 
in soil moisture and of mean temperature, although its spread may be hampered by an 
absence of the mycorrhizal fungi required for the successful metabolism of soil resources 
such as nitrogen and phosphorus (Francis and Read, 1994).  Another feature is that of 





The annual growth of woody biomass, which may be equated with timber volume, is a 
function of linear (radial) growth, optimised under conditions with higher elevations and 
moderate temperatures (MoF and NZFFA, 1998).  Rainfall has been identified as a driver 
of annual growth (Hare, 1984, citing Harris, 1974), and western Southland has long been 
viewed by professional foresters as the best area for the production of silver beech, on the 
basis of its climate (Chavasse, 1965;McGlone et al., 1995). 
2.2 Past and current vegetation of New Zealand 
2.2.1 Post-Gondwanan New Zealand 
Following the splitting of Gondwana some 130 m.y.a. into western and eastern parts, the 
crustal block containing Australia, Antarctica and South America remained for a further 
40 million years.  This portion also included what would become New Zealand, and is 
referred to as “Australis”.  Many of the life forms now regarded as typically New Zealand 
were ‘rafted’ from this portion of Gondwanaland (Gibbs, 2006).  The formation of the 
Tasman Sea, separating New Zealand from Australia and Antarctica, began some 80 
m.y.a., leading to what eventually would become recognised as the New Zealand Plateau 
following the isolation of New Zealand from the neighbouring land masses (Mortimer 
and Campbell, 2014).  This separation took place approximately 20 million years after 
the formation of the Tasman Sea (Gibbs, 2006), approximately 60 million y.b.p. 
The bands of rock lying along the Pacific margin of Gondwana formed a basement 
complex of mountain ranges, made up from heavily metamorphosed marine sediments, 
some of which became modified by volcanic action.  Some of these remnants are to be 
found exposed in the north western parts of Nelson, parts of Fiordland and Stewart Island.  
More recent remnants are exposed in the Kaikoura Ranges and along the North Island 
mountains (Gibbs, 2006).  Much of the older sedimentary rock underlying New Zealand 
is greywacke, metamorphosed from sand grains into slate, before being further 
metamorphosed into schist.  Other rocks which also form part of this underlay include the 
granites (Mortimer and Campbell, 2014). 
The now largely drowned subcontinental land mass of Zealandia extended from New 
Caledonia in the north, the Lord Howe Rise and the Norfolk Ridge, east to the Chatham 
Islands, and to the south, Campbell Island and westward, to the Puysegur Ridge and the 




during one of these movements, but botanical and land-creature evidence suggests that 
small islands remained, not dissimilar to those of the present-day Chatham Island group 
(Bunce et al., 2009; Conran et al., 2014; Mortimer and Campbell, 2014). 
New Zealand, following its near (or total) submergence some 25 m.y.a. (Conran et al., 
2014; Mortimer and Campbell, 2014), underwent numerous changes in land form 
(topography), land area, and in climate.  Tectonic uplift, initiated with the formation of a 
new plate boundary beneath New Zealand approximately 13 m.y.a., accelerated some 8 
m.y.a., to form the mountain chains of today.  This timetable was sufficient for the 
adaptation of numerous life forms to withstand cooling as their habitat became uplifted 
to alpine levels.  This continued for approximately five million years, and after those 
events, as many as 20 ice ages took place, each lasting as long as 100,000 years, separated 
by much shorter warm periods (Gibbs, 2006; Newsome, 1987). 
2.2.2 Last Glacial Maximum (LGM) 
Figure 2.5 indicates the extent and type of vegetation at the time of the LGM, for New 
Zealand, long before the period of the present study.  This is relevant to later beech forest 
dispersals.  The lower South Island lay beyond the putative niche space for beech forests, 
and only a relatively small area of beech forest remained (Newnham et al., 2013).  This 
constitutes a beech refugium, as does the identification of areas containing shrubland with 
patches of beech and rare conifers at the extreme south western tip of the South Island, at 
the coastal end of Milford Sound, and northward along the West Coast from the Haast 
vicinity, along what would have been exposed seabed (Gibbs, 2006). 
 
At the LGM, sea levels would have been lowered by some 135 metres, so with the 
extended ecological niche, some of the land area exposed along the east coast may be 









Figure 2.5: The vegetation cover of the South Island of New Zealand at the LGM, 
21,000 years before present, as reconstructed from pollen, macrofossil, beetle and 
geomorphic evidence.  The extension to the present land area, particularly to the south 
and east of the lower South Island, is clear .(After McGlone et al., (2010), in Newnham 
et al., 2013). 
 
2.2.3 Refugia 
Refugia are biogeographical constructs which argue that under threatening environmental 
conditions, a species or number of species was able to survive in a locality while a major 
climatic event (such as a glaciation) took place for millennia or longer.  The life forms 
there survived within these zones latterly identified for their “…relatively high species 
diversity…” being recognised as “…centers of endemism” (Bradley, 1999: p. 390).  The 
refuge hypothesis remains controversial despite considerable biogeographical evidence 
supporting it.  It is possible that a refuge is the result of many conditions, including 
climatic, geomorphological, geological, topographic and so on, remaining more constant 
than the environment suggested by contemporaneous major climate changes (Bradley, 




Dumbleton (1967) considered that the incidence of winter dormancy evolved during the 
Pleistocene Epoch, suggesting the New Zealand climate during the LGM was less severe 
than those for equivalent latitudes in the Northern Hemisphere.  Marshall et al., (2009) 
noted that New Zealand refugia were located at the northern ends of both main islands, 
hypothesising that others may have existed in Fiordland, South Otago, Southland and 
Stewart Island (Figure 2.5).  All of these South Island areas are now far from glaciers or 
permanent snow. 
McGlone (2004) argues that the relatively short time since the LGM precludes 
evolutionary development, so species must have survived in numerous small pockets 
(refugia), to spread as climatic conditions warmed and precipitation levels increased from 
the minima of the glaciations.  McGlone (2005) suggests that survival of species affected 
by the LGM arose from plants remaining in many small areas affected by glaciation, in 
effect surrounding the glaciation with numerous refuges.  This differs from earlier 
suggestions that plants recolonised areas from which they had been excluded from 
numerically fewer, remote, isolated refuges. 
Mortimer and Campbell (2014) observe that overall, the mountainous topography of New 
Zealand led to the creation of many diverse habitats which, “… aided sub-speciation and 
repeated recolonization during inter-glacial periods” (p. 227).  The significance of refugia 
is that these are inferred to represent locations from which species such as the beeches 
recommenced their colonisation of New Zealand during the inter-glacial warm periods. 
2.2.4 Vegetation and climate 2,000 y.b.p. 
The LGM is considered to have ended approximately 19,000 years ago, with gradual 
warming as the glacial ice retreated.  From approximately 7,500 y.b.p. to 2,000 y.b.p., 
increased southwesterly to southerly winds often precipitated snow, which lay for some 
time on the Central Otago mountains, delaying the onset of evaporation.  This ensured a 
prolonged water supply to lower areas, and possibly promoted forest expansion over 
Central Otago, as the uplands became wetter, while the lowlands became more prone to 
summer droughts.  Effects on vegetation included early dominance by podocarps in the 
eastern South Island, with beeches eventually gaining dominance as they expanded their 




The western alpine region intercepts much of the moisture borne by the prevailing 
westerlies, so the Central Otago area would have been drier, with an annual precipitation 
of 400 to 600 mm/yr.  The inland mountains, rising to 900 m a.s.l., would have annual 
precipitation of approximately 900 mm/yr.  Mean annual temperatures (MAT) in lowland 
areas would be approximately 11° to 12°C, while for higher altitudes above 1,000 m a.s.l., 
the MAT would be approximately 3° to 4°C (op. cit.). 
Inland, in northern Southland, the annual precipitation ranges between approximately 800 
mm to more than 1200 mm as the terrain rises from approximately 150 to 1700 m a.s.l., 
transitioning from montane to low-alpine zones.  The continuing abundance of L. 
menziesii and of D. cupressinum, along with other beech species, probably arose from 
this level of annual precipitation.  However, periods of summer drought and foehn winds 
by this time point towards the occurrence of major fires (Molloy et al., 1963).  In 
comparison with the podocarps, beech regenerates more vigorously, so more frequent 
forest disturbance tends to favour beech regeneration in the face of relatively slight 
climate change.  Here, the upper treeline was thought to be some 1200 m a.s.l., confirmed 
by the finding of remnants of F. cliffortioides, F. fusca and L. menziesii (McGlone et al., 
1995). 
The southern South Island of New Zealand has mountainous areas, as well as extensive 
lowland plains, elevations ranging from sea level to almost 10,000 m a.s.l.  In pre-human 
times, most of New Zealand was covered in forest below the tree line (upper forest limit), 
which was between 1,000 and 1,500 m a.s.l. (Poole, 1987).  Above this level is the lower 
limit of alpine vegetation.  This consists of a shrubby zone, extending uphill to some 
1,700 metres before giving way to tussock herbfield, a zone of which at times is found up 
to 2,000 metres a.s.l.  Above these are the alpine fellfields, where the upper limit for 
observed growth is elevated at almost 3,000 metres (Dawson, 1988).  These nonforested 
areas are shown unshaded, and include those areas above 3,000 m a.s.l (Figure 2.6). 
 
The dark zones in Figure 2.6 were afforested two millennia ago.  These forests were 
considered to have been largely podocarp some 9,500 y.b.p., transitioning to L. menziesii 
and Dacrydium cupressinum from approximately 7,000 y.b.p., with L. menziesii assuming 
greater importance as this species became the major component of these forests by 3,000 





Figure 2.6: The lower South Island of New Zealand (below 44th parallel of latitude) two 
millennia ago, showing (black shading) forest, and (unshaded) unforested areas (After 
Wendelken, 1976, in Ogden et al., 1998). 
 
of continuous forest, reaching inland only some tens of kilometres.  It is also possible that 
podocarps and beeches remained scattered in small stands throughout the lowland interior 
(McGlone et al., 1995). 
2.2.5 Pre-human vegetation 
For this overview, it is important to date the arrival of humans to New Zealand.  This date 
has been widely accepted as the thirteenth century A.D.  Humans also brought with them 
rats, whose feeding left patterns found to be useful for dating purposes.  Archaeological 
evidence supports these findings (Wilmshurst et al., 2008).  The vegetation of the lower 
South Island for a period some 2,000 y.b.p. is the subject of this study, in part because 
this date provides a margin before the arrival of the earliest humans, and any other species 
which might have subsequently impacted upon New Zealand vegetation. 
2.2.6 Impact of fire on New Zealand vegetation 
Estimations of the climate are reliant upon the pollen and macrofossil record, which 
provide not only evidence of plant life, but also the fire history of an area.  Figure 2.7 
gives an indication of the extent to which the southern South Island may have been prone 
to wildfires, probably caused by lightning strike, 2,000 y.b.p..  Perry et al., (2014) discuss 
the long-term history of fire in New Zealand, and note that pre-human fires were of 
relatively low frequency, and led to only “small-scale, short-term disturbance with no 
major shifts in forest composition” (p. 162), although Molloy et al., (1963) suggests they 
were widespread, with a tendency for progression from the coast, to further inland as 




Most New Zealand forest species are killed by fire, and the recurrence of fires more 
frequently than once per millennium would have been sufficient to prevent forest 
regeneration (Ogden et al., 1998).  Perry et al., (2014) suggest that fires were equally 
common in both conifer and hardwood forests, having similar impacts, and leading to 
rapid regeneration over a period of 150 to 200 years (op. cit). 
 
Figure 2.7: The lower South Island of New Zealand (below 44th parallel of latitude), 
showing areas most vulnerable to fire with low rainfall (< 1600 mm p.a.) (not shaded, 
and affected by more than 50% of December, January and February thunderstorms.)  
Areas with > 50% of thunder days in summer (shaded, and enclosed by the dashed 
line) (After Tomlinson, (1976), in Ogden et al., (1998). 
 
In areas where the annual precipitation fell below previous levels, rendering the forest 
more prone to destruction by fire, grassland-shrubland had become established well 
before 11,000 y.b.p., and its enduring dominance inland suggests recurrent wildfires (op. 
cit.)  McGlone et al., (1995) argued that the scrub-grassland which dominated in the 
inland South Island arose from lower early-Holocene precipitation which promoted drier 
conditions which in turn, increased the likelihood of more sustained burning, affecting 
greater land areas.  In their explanation,  
 “A drop in effective precipitation in the interior by 30%, relative to the present, 
during the late-glacial and early Holocene would have been sufficient to 
eliminate forest as an extensive landscape cover” (p. 15). 
They conclude by noting that with such changes in seasonal precipitation in the late 
glacial and early Holocene period, with higher summer temperatures, even a small 
decrease in precipitation would be enough to lead to drier conditions in the interior.  These 
views are supported by Wardle (1991), who, citing McGlone (1988), considered that, 
“About 2,500 years ago, fire permanently destroyed much of the forest in Central Otago”, 




have imposed changes to the forests, leading to their die-off, and to their subsequent 
natural conversion into tussock-grassland. 
2.2.7 Forest losses  
The vegetation of New Zealand has been well-described by Poole and Adams (1963) and 
earlier students.  Ewers et al., (2006) mention the dominance of forests below the alpine 
treeline some three thousand y.b.p., and the reduction in this following the arrival of the 
first humans, some 1,000 y.b.p., although the extent of the clearances can only be inferred.  
By the time European settlers arrived, approximately 70% of the country remained forest-
covered (Atkinson and Cameron, 1993).  By the 1870s, forest clearing, mostly by burning, 
had taken place in earnest (Ewers et al., 2006).  By the mid-1950s, a forest survey revealed 
that just over 20% of forests remained (Poole and Adams, 1963).  In terms of the total 
New Zealand land area, approximately three-quarters of the forest had been destroyed 
(Ewers et al., 2006). 
These changes all have serious implications for forest species as fragmentation, increased 
perimeter (edge effects), incursions by roads and farmland, all exacting their toll in the 
form of changes within the forest boundary, and upon the landscape (Ewers et al., 2006; 
Newsome, 1987). 
2.2.8 Current vegetation 
European description of the vegetation of New Zealand was begun late in the 18th century 
by botanists in Cook’s expeditions, Solander and Banks, and early in the 20th century, by 
Allen.  Areas of vegetation became known as vegetation units, where the larger, most 
common and highly visible plants gave their names to the units.  An example of this are 
the tussock grasslands of the New Zealand high country (Poole and Adams, 1963).  More 
recent reviews include those by Newsome (1987), and Wardle (1991). 
The two main forest types of New Zealand are the conifer-broadleaf (also known as 
podocarp-broadleaf), and the southern beech.  The former group have been further 
subdivided using the form (“emergent trees”, “canopy trees”, “subcanopy trees”, “tree 
ferns”, “shrubby species and small trees”, and “ground plants” (Dawson and Lucas, 




of habitats, from sea level to the upper treeline, from extremely high-rainfall (western 
alpine) areas to inland areas where annual precipitation is approximately 10% of that of 
the wetter places (Sturman and Tapper, 2006). 
Cleared areas were, particularly in the South Island, used for farming, horticulture and (to 
a much lesser extent), for urbanisation, and plantation forests (Ewers et al., 2006).  The 
main influence on deforestation and of forest fragmentation was the density of the road 
network, which is closely related to human development.  New Zealand land cover 
includes approximately 6% of indigenous scrub, in effect, potential forest because it is 
very likely to regenerate to forest (Ewers et al., 2006). 
Statistics for the land cover for New Zealand, with its total land area of 27,053,000 
hectares, the remaining vegetation cover in 1994 (Table 2.1).  Since then, the land cover 
has undergone little change. 
Table 2.1: New Zealand land uses 
Nominal land use Percentage of land area 
Pasture and arable 52 
Natural forest 24 
Plantation forest 5 
Other land 19 
Total 100 
Source: FAO 2015 
2.3 The Southern Beeches (Nothofagaceae) 
Southern hemisphere beeches were first noted by Europeans in Cooks first expedition in 
1769, but were not distinguished from European beeches until the mid-nineteenth century 
(Poole, 1987).  Since then, Heenan and Smissen (2013) noted 42 species of southern 
beech which have been identified world-wide as a result of changes in taxonomy, a sharp 
increase on the 25 noted by Veblen et al., (1996).  The centre of origin for southern 
beeches is considered to be the southern South American-Antarctic Peninsula region as 
shown by the plotted line shown in Figure 2.8) (Veblen et al. 1996).  Stöckler et al. (2005) 
argue that the history of “…Nothofagus is more complex than envisaged under opposing 




diversity” (p. 38), also noting that, “…the present-day Nothofagus species in New 
Zealand are not the direct descendants of the Fuscospora and Lophozonia southern 
beeches that reached New Zealand in the Palaeocene and Eocene eras respectively” (op. 
cit.). 
The contribution made by long-distance dispersal, or by vicariance, to the distribution of 
beech species over southern land masses, and which have subsequently relocated to their 
present positions on the globe, awaits resolution (Figure 2.8). 
2.3.1 Taxonomy of Southern Beeches 
The classification Nothofagus had long been accepted as genus of the family Fagaceae 
(Wardle, 1991), but this has generated, “…monumental biogeographic problems…” 
(Veblen et al., (1996, pp. 11, 12).  After consideration of pollen types (Veblen et al. 1996), 
Heenan and Smissen (2013) confirmed from DNA sequencing that genus Nothofagus 
becomes a family, Nothofagaceae, containing four genera. 
 
Figure 2.8:  Gondwanaland reconstruction about the middle Cretaceous period (144 to 





Of the four genera, (Nothofagus, Fuscospora, Lophozonia, and Trisyngyne), only one 
species of Fuscospora, and four species of Lophozonia are found in New Zealand.  An 
early disposition of the southern beeches long before the onset of the glaciations has been 
hypothesised (Veblen et al., 1996; Heenan and Smissen, 2013) (Figure 2.8). 
Recent changes in nomenclature may benefit by reference to the older names of these 
species, now accorded family status (Heenan and Smissen, 2013) (Table 2.2). 
Table 2.2: Revised taxonomy of the southern beeches in New Zealand (After Heenan 
and Smissen, 2013). 
Old name New name Common name 
Nothofagus fusca Fuscospora fusca Red beech 
Nothofagus menziesii Lophozonia menziesii Silver beech 
Nothofagus solandri var. 
cliffortioides 
Fuscospora cliffortioides Mountain beech 
Nothofagus truncata Fuscospora truncata Hard beech 
Nothofagus solandri var. 
solandri 
Fuscospora solandri Black beech 
 
2.3.2 Distribution of southern beeches in New Zealand 
New Zealand beeches and their associations make up approximately two-thirds of New 
Zealand’s indigenous forest areas, being the second major forest type of New Zealand 
after the conifer broadleaf forests (Wardle, 2011; Dawson, 1988).  Forests where beeches 
dominate, in stands comprised either of a single species, or of two or more beech species, 
are approximately 46% of the total indigenous forested areas of New Zealand (Figure 
2.9).  A further 22% is comprised of mixtures of beeches and other tree species.  
Distribution across New Zealand is markedly different: 84% of the indigenous forests of 
the South Island are of pure or mixed beeches, while 40% of those of the North Island are 
comprised of this species mix (Wardle, 1984). 
New Zealand beech forests during the post-glacial periods underwent a series of range 
expansions, with some species undergoing more rapid spread than others.  These changes 
took place at different sites at different times and were inferred largely from fossilised 
pollen findings.  Veblen et al., (1996) considered that brief increases in the northern North 




forest…” (p. 109).  They continued by noting that during the late post-glacial (3,000 
y.b.p.), “The rapid spread of Nothofagus during the mid-to-late postglacial at many 
separated sites throughout its range and across many different climatic regimes excludes 
any simple explanation such as declining mean annual temperatures or precipitation” (op. 
cit.). 
It is possible to envisage beech forests advancing across a landscape, then receding, as 
the climate underwent several such changes during the Pleistocene period before the 
LGM.  Such advances and recessions are mentioned by Gibbs (2006). 
 
 
Figure 2.9: The present distribution of Nothofagus spp.  Dots indicate isolated 
occurrences; grey shading, discontinuous patches; and solid black, continuous beech 
forest.  Gaps in beech forest distribution are left blank (After Wardle, 1991, p. 142). 
McGlone (1985) suggests that afforestation of the South Island may have taken place over 




LGM is mentioned by Veblen et al., (1996), at times punctuated by “…some millennia 
of relative stasis” (p. 109), followed by rapid spread in the south western South Island 
(Figure 2.10).  Lophozonia menziesii is also considered to have spread rapidly in the same 
area during the time covered by the map for the period 3,000 to 1,000 y.b.p., (Figure 
2.10).  Wardle (1991), citing McGlone (1988), noted that in the Holocene Epoch, the 
spread of beeches slowed until the mid-Holocene, whereupon their spread quickened. 
The drivers of this distribution are unknown, and the cyclic nature of the relative 
abundance and scarcity defy explanations related to soil fertility, or changes in climate or 
precipitation.  However, the coincidental spread of L. menzeisii in the southern South 
Island and of Fuscospora species in the northern South Island and the lower and central 
North Island point strongly towards a widespread climate explanation (Veblen et al., 
1996). 
2.3.3 Discontinuities in the distribution of southern beeches in New Zealand 
Although all beech species are found in the northwest of the South Island, patterns of 
discontinuities of distribution are to be found, with the gaps of Westland (South Island), 
the northern Tararuas to the Rimutaka Ranges, from Mt Taranaki in the North Island 
(Wardle, 1984), and from Stewart Island (Wardle, 1991) (Figure 2.9).  These have 





Figure 2.10: Holocene spread of Nothofagus, from left, 9,000, 6,000 and 3,000 to 
1,000 y.b.p. (Veblen et al, 1996, p. 110) 
These gaps in beech distribution are found in mid-Westland (South Island) 
(approximately 1.1˚ of latitude in extent, some 150 kilometers), the northern Tararuas to 
the Rimutaka Ranges of the North Island (approximately 0.5˚ in latitude, some 75 
km)(Wardle, 1984; Veblen et al., 1996)), and beeches are absent from the vicinity of Mt 
Taranaki and from Stewart Island (Wardle, (1991).  Veblen et al., (1996) describes a gap 
in central Canterbury between the Ben Ohau and the Rolleston range, this containing only 
scattered Fuscospora and Lophozonia species for a distance of approximately 125 km. 
Gaps in beech forest distribution in the South Island have been attributed to glaciation 
(Wardle, 1963), to displacement along the Alpine fault (McGlone, 1985), and to an 
absence of symbiont mycorrhiza, essential for nutrient uptake (Wardle, 1984).  Veblen et 
al., (1996) notes that many South Island areas which had been ice-covered during the 
LGM, “…do not correspond to areas without Nothofagus forest…” (p. 112), so other 
factors may also have been involved in the development of these gaps.  The existence of 
gaps on both coasts of the South Island suggests that differing climate conditions 
contributed in some way towards these (op cit.).  Along the eastern South Island, the gap 




al., 1996), as well as to fires.  Anthropogenic fires are believed to have created major 
forest gaps over the most recent millennium (McGlone et al., 1996). 
Trewick and Wallis (2001) and Wardle (1988) outlined the contrasting hypotheses of 
glaciation causing species diversity, or that of Alpine Fault displacement imposing 
physical separation, finding that the former were more recent (from 100,000 y.b.p.) while 
the latter took place approximately 20-25 million y.b.p..  McGlone (1985) however 
argued that the more fertile soils and climatic factors, difficult to explain by glacial ice 
imposition, were key factors for the apparent exclusion of beech from mid-Westland 
region.  Later research, including that by Leschen et al., (2008) support the proposition 
of glaciation being the cause of the gap in distribution, their research being derived from 
genetic changes found in beetles.  Trewick and Wallis (2001) relied upon sequence DNA 
from ten endemic genera of invertebrates for their investigation, finding, “…no support 
for ancient Alpine Fault vicariance in the development of distribution patterns of endemic 
biota” (p. 2178).  This finding is contradicted by Hall and Hollinger (2000), whose 
modelling of the West Coast beech forest distribution gap supported Cockayne’s 
suggestion that, “...this absence could be the result of insufficient time for since the last 
glaciation for beech to have recolonized the area since the last glaciation…”, (p. 127).  
This was attributed to seed dispersal limitations characteristic of the beech family (Hall 
and Hollinger 2000). 
Leschen et al., (2008) consider that, “The consensus now is that the primary reason for 
the beech gap is LGM glaciation, but that the combination of unfavourable terrain for 
beech invasion and suitability of the lowland environment for competing podocarp-
angiosperm forest is the reason beech continues to be absent” (p. 1258).  Despite several 
theories, no simple reason for gaps in beech forest distribution on the western side of the 
South Island has been confirmed. 
2.3.4 Beech forest communities in New Zealand 
Beech often grow in stands, almost to the exclusion of other species (apart from ferns), 
particularly on the east side of the main divide (Wardle, 2011; Veblen et al., 1996).  The 
preference for mountain sites does not however exclude their being found from valley 
floors to upper tree lines (Dawson, 1988).  These factors are alluded to in Figure 2.2, and 




Zealand plants.  The tendency for beech forests to be of either single-species stands, or to 
grow with other beech species, forming a dense canopy, limits the variety of other trees 
and shrubs forming a secondary canopy to beech saplings, ferns, podocarps and broadleaf, 
in the higher rainfall localities ((Wardle, 1963; Poole, 1987). 
The lowland species of black and hard beeches, (Fuscaspora solandri) and F. truncata), 
tend to grow up ridge lines and on cliff edges (Wardle, 1984; and Dawson, 1988).  This 
is in contrast to the distribution of the “montane” beeches (Dawson, 1988, p. 128) where 
the conifer broadleaf forests give way to belts of red, silver or mountain beech (F. fusca; 
L. menziesii; F. cliffortioides respectively) at higher altitudes along valley sides. 
In general, mixed conifer-broadleaf forests are supplanted by beech forests at higher 
altitudes, where wetter, cooler weather prevails, growing seasons are shorter and soils 
tend to be less fertile.  As the latitude increases, beech forests gradually replace mixed 
conifer-broadleaf forests, with silver beeches (L. menziesii) dominating the western 
mountains, growing from sea level to the tree line in Fiordland, Southland.  In the 
mountains on the eastern side of the Southern Alps, mountain beech (F. cliffortioides) 
forms pure beech forests.  Other species are more limited, with black beech (F. solandri) 
growing in habitats ranging from lowlands to the mountains in Taranaki, and on eastern 
slopes form Canterbury to the East Cape of the North Island.  Red beech (F. fusca) is 
found only on the more fertile soils at lower altitudes than the other beeches (Orwin, 
2013). 
Mixtures of beech forest species are common, with mountain and silver beeches growing 
together from Fiordland, and then silver and red beeches commonly growing together in 
north Fiordland, some combinations or single species of these being found to the east, in 
the Blue Mountains of west Otago in lowland areas such as valley floors (Poole, 1987).  
Combinations of beeches with broadleaf trees and conifers are common, these being 
found throughout New Zealand, with beech trees growing among podocarps and mixed 
broadleaf forests particularly in eastern areas (Orwin, 2013; Poole, 1987).  Dawson 
(1988) describes the transition from conifer broadleaf forests to beech forests, ascribing 
this to temperature decrease consistent with altitude gain.  He notes this transition to 
“montane” beech forests varies with latitude, from 38 to 39˚ S, extending from the East 




m above sea level (a.s.l.) (p. 129).  At latitude 41˚S, lower in the North Island, it is 
approximately 750 m.  In the South Island, at approximately 45˚S, it is about 450 m, and 
at latitude 46˚S, it is almost at sea level. 
2.3.5 Beech forest communities in environmental space 
Part of the New Zealand rain forest, New Zealand beeches are able to grow on a wide 
range of sites, also showing considerable variation in growth form (Wardle, 1984).  Two 
of these species, Fuscospora cliffortioides and Lophozonia menziesii are together 
considered by Wardle, (1984) to be more widely distributed across New Zealand than the 
others.  Dawson and Lucas (2012) however are more specific, noting that F. fusca has the 
widest distribution, from Coromandel southwards in the North Island, and throughout the 
South Island in, “...moister mid-mountain forest, descending to the lowlands in the south” 
(p. 276).  L. menziesii grows from the Coromandel Peninsula southwards in both islands, 
being found on wetter aspects of the high country down to sea level in the south (ibid).  
F. cliffortioides is also found from the Coromandel Peninsula southwards, and throughout 
the South Island, to sea level in the south, on the drier aspects of the high country (ibid).  
F. solandri is to be found from Little Barrier Island and near the East Cape, southwards 
in the North Island, and to South Westland in the South Island, in “…lowland to lower 
mountain forest” (ibid., p. 282).  F. truncata has as its range, Northland to the north of 
the South Island, also in “…lowland to lower mountain forest…”(ibid., p. 284) (Figure 
2.7). 
Dawson (1988) notes a sequence, as temperatures become cooler and soils less fertile, of 
red beech predominating in a zone above the conifer broadleaf forest, before transitioning 
into silver, then mountain beeches.  The beech forest tree line (timberline) is generally 
very pronounced (Dawson, 1988), defining it as, “the lower limit of alpine vegetation” 
(p. 163), and Ogden et al., (1996) observing that, “…the different Nothofagus species are 
all characteristic of rather extreme sites for tree growth…These forests give way to less 
diverse beech-dominated forests in the montane zone and pure beech forests close to the 
timberline” (pp. 34, 35). 
Theories based on ill-suited habitat may over-simplify the issue, as factors like 
temperature, aspect and precipitation interact over the seasons (Figure 2.4).  A continuous 




beeches), has been found, because F. solandri, despite occupying a wide range of habitats, 
is principally a lowland tree, while F. cliffortioides tends more towards mountainous and 
lower fertility sites.  This is a clinal variation, reflecting adaptation arising from different 
habitats.  Both of these species interbreed with hard beech (F. truncata), an intermediate 
form, forming a range of leaf shapes which range from near-oval (for lower altitude, 
northern F. solandri) to more triangular form (at higher altitude, southern F. 
cliffortioides) (Poole, 1987). 
Variations in foliage across the environmental space have also been noted for L. menziesii, 
by Poole (1987) and Wardle (1984), with leaves ranging in size from 5 to 16 mm in width, 
and 5 to 20 mm in length.  These may reflect environmental influences, possibly a clinal 
variation.  In common with the other beech species, a wide range of structural forms, from 
canopy-forming trees of up to 35 m in height, to a dwarf plant, even wind-shorn low 
shrubs less than 100 mm in height, are to be found at the upper altitudes, flattened by the 
elements (Wardle, 1984).  Wardle (1984) also found a reduction in tree height for L. 
menziesii, from an occasional 30 m at lower altitudes to less than 3 m at 990 metres a.s.l 
in Southland. 
The altitudinal location of tree lines relative to latitude was explored by Wardle (1984), 
and noted by Newsome (1987) (Table 2.3). 
 
Table 2.3: Approximate upper tree line elevations in New Zealand (After Dawson, 
1988, (p. 130), and Newsome (1987)). 
Latitude 39˚ South 42˚South 45˚South 
Altitude range 
a.s.l. 
1350 – 1500 metres 1300 – 1550 metres 950 – 1250 
metres 
NZ location Central North Is North-East South Is Southern South Is 
New Zealand tree lines are lower than those found in continental areas at similar latitudes 
because of climate differences between islands and continents, particularly in islands 
lying across the prevailing winds.  However, the highest treelines in New Zealand are to 
be found farthest from the sea, in the Central North Island on Mt Ruapehu and in the 





Figure 2.11: Altitudinal limits for tree lines observed across New Zealand.  (After 
Dawson, 1988). 
Valley floors near the normal tree line frequently show “inverted treelines” where, “…the 
valley floor is occupied by an open vegetation of an alpine/subalpine character, while the 
slopes support forest” (Dawson, 1988) (p. 130).  The valley floor contains alpine or 
subalpine vegetation, caused by the lower temperature air pooling, while the afforested 
valley sides are warmer (op. cit.). 
 
2.4 Tree growth concepts 
The annual growth of a tree in theory takes the form of a conical shell, but in reality, the 
deposition of vascular tissue is non-uniform both around the circumference of a tree and 
along its vertical length, and also varies over time (Thomas, 2000).  Local absences of 
annual rings in both the vertical and circumferential directions are to be expected, 
particularly with samples taken from trees at plots of lower elevation (Figure 5.1) 
(Dunwiddie, 1979; Norton, 1986; Norton et al., 1987). 
 
Average annual growths trended generally downward, as is to be expected for plant 
growth with the advance of years.  This is because of the linkage between the ability of 
the roots to take up nutrient, and the gradual increase in linear diameter of a tree stem, 
which, if annual ring growth is to be constant, requires a gradual increase in timber 
volume as xylem grows beneath the bark (Thomas, 2000).  It is suggested that if nutrient 




decline because of the volumetric increase of the inverted cone that is the annual growth 
of xylem (Figure 5.1). 
 
2.4.1 Annual growth measurement 
The measurement of annual growth requires that a common reference point for the 
measurement of annual growth rings is essential if reliable data is to be obtained for 
annual tree growth from a given point in time.  A convention established in the present 
study was to use the outer bark – phloem interface as a reference, and to ignore the annual 
growth ring immediately inside.  This interface was not always perpendicular to the 
longitudinal axis of the core.  Latewood (annual rings) were also found to be neither 
parallel to their neighbours, nor perpendicular to the longitudinal axis of the core.  This 
meant that readings taken from (say) the upper edge of the 5.5 mm core, would differ 
from those taken along the centre, or from closer to the bottom edge of the core.  This is 
in accord with Norton et al., (1987). 
 
2.4.2 Sampling for annual growth measurement from tree stems 
The use of increment cores in the present study for gauging annual growth is rooted in 
techniques pioneered and developed by Douglass and others (Speer, 2010).  As well as 
minimising physical harm to the well-being of the tree, cores provide a portable record of 
tree annual growth, and the equipment needed for such work has the twin advantages of 
being portable and manually operated (Fritts, 1976).  It may be argued that cores only 
provide measurements for a small portion of the entire tree section at that height above 
ground level (h.a.g.l.), approximately 2.3% for a stem of d.b.h. 300 mm (Norton and 
Ogden, 1990). 
 
An alternative method is to take disks sawn from trees (Norton, 1986, Norton and Ogden, 
1987)).  Although being immediately fatal to the tree, disks confer the advantage of 
providing growth measurement for all radii at that particular height above ground level 
(h.a.g.l.).  Although more equipment is needed for such work (including a chainsaw), the 
field work is complicated by the realities of felling a stem within a standing forest, and 
transporting the field samples for laboratory analysis, but the resulting samples provide 





The felling of indigenous trees, particularly in public conservation land, is understandably 
not acceptable to the Department of Conservation and other bodies charged with reserve 
management, and the use of incremental core boring was conditionally approved by the 





Chapter 3 - Methodology 
This project combines plant data with climate information and is based in the lower South 
Island of New Zealand.  In this chapter, the sample study areas and the main 
methodological steps will be described. 
3.1 Study area 
The lower South Island has major climatic differences between its western and eastern 
parts, with annual precipitation exceeding 4,000 mm at its western part, along the main 
divide, diminishing to less than 400 mm in parts of Central Otago (Sturman and Tapper, 
2006) and increasing to approximately 750 mm on the southeast coast (Figure 3.1).  The 
climate gradient, the presence of beech forests at various locations along the climate 
gradient, and the relative ease of access to the area, are reasons for selecting this area for 
study. 
 
Figure 3.1: Total rainfall gradient across the lower South Island of New Zealand.  (After 
NIWA, 2012). 
 
The sample study area is in the lower South Island of New Zealand, below the 44th 
parallel of latitude.  The study area excludes Stewart Island because of the absence of 
beeches (Wardle, 1984) (Table 3.1). 
3.2 Sample plots 
Sample plots are geographically widespread and plot elevations ranged from 65 to 810 m 





Table 3.1: Geographic details of the plots.  Plot elevation is that for stem 0 for the plot.  
Plot slope is the mean slope for the entire plot. 
 
 
3.3 Plot and tree characteristics 
The eighteen plots used for this study were elevated between 65 and 810 metres above 
sea level, a range of 745 m.  The latitudinal range was 2.33°, between 44° 09.853’ and 
46° 29.547’ South.  Longitudes extended from 168° 00.395’ to 170° 32.763’ East, a range 
of 2.54°.  The location of all individual plots are mapped at fine spatial resolution in 
Appendix B.  Plot topography was generally sloping, often with ground irregularity, with 
an average slope from the horizontal plane of 16.8°.  Plot aspects were unevenly 
distributed around the compass, with a slight minority facing east.  Annual precipitation 
ranged from 715 mm to 6,112 mm, and mean air temperatures ranged from 5.3°C to 
11.0°C for the 18 plots. 
 
Distances perpendicular from the nearest coastline, and from the main divide were 
examined because these features were believed to influence the climate.  However, no 
linear relationships of any statistical significance were found between either mean air 
temperatures or total precipitation, and these distances. 
 
Plot No Plot site name Latitude °S Longitude °E
Plot elevation 
(m a.s.l.) Plot slope °
Plot aspect 
(° True)
1 Woodside Glen 1 45° 51.031' 170° 10.286' 226 23.3 205
2 Woodside Glen 2 45° 51.050' 170° 10.226' 216 28.0 225
3 Myles 45° 55.974' 169° 28.620' 74 26.9 135
4 Black Gully 45° 53.693' 169° 21.328' 384 28.1 265
5 Blackcleugh 45° 57.552' 169° 28.297' 65 19.8 255
6 Painted Forest 45° 44.425' 170° 26.096' 532 33.0 40
7 Table Hill 1 46° 29.547' 169° 30.311' 247 0.0 0
8 Table Hill 2 46° 29.488' 169° 30.298' 257 0.0 0
9 Piano Flat 1 45° 33.733' 169° 01.087' 307 21.0 293
10 Piano Flat 2 45° 33.749' 169° 01.143' 292 26.0 280
11 Falls 1 45° 54.722' 169° 59.318' 114 1.4 200
12 Falls 2 45° 54.901' 169° 58.753' 127 8.8 300
13 Cameron Flat 44° 09.853' 169° 16.980' 422 10.9 0
14 Blue Pools 44° 10.144' 169° 16.445' 390 24.0 302
15 near Gunns Camp 44° 47.603' 168° 07.744' 284 10.0 240
16 Gertrude Valley 44° 45.993' 168° 00.395' 810 10.0 60
17 Mt Cargill 45° 49.247' 170° 32.763' 473 27.0 75




Sample plots were chosen to be representative of the general area, (avoiding cliffs, bodies 
of water, and other geographical discontinuities), and were forest covered, with at least 
two Lophozonia menziesii trees of straight form.  Efforts were made to avoid 
anthropically planted trees, but it is likely that all of the plots have undergone 
modification, either by fire, or introduced browsing animals, or both, particularly since 
human colonisation (McGlone, 2004; Logan and Harris, 1967) (Appendix G).  An 
advantage of selecting a beech species over the podocarps was the relative ease with 
which cores could be extracted.  The plot numbering sequence arises generally from their 
order of initial visitation.  Those closer to the home base of Dunedin were sampled before 
the more distant ones, and some plots were visited on more than one occasion (Table 3.1). 
Fifty six trees were cored, from which 112 usable (paired) cores were obtained.  Where 
possible, trees for coring were chosen with diameters at breast height of 280 to 320 mm, 
but where this was not possible, trees of other sizes were sampled (Figures 3.1 and 3.2). 
The plots in which Lophozonia menziesii trees from which samples were collected were 
handy to vehicular access along formed public roads.  Traveling times to these plots did 
not exceed five hours.  While this limited the range of sampling to plots relatively close 
to roads, it maximised opportunities for gathering samples within a limited time frame.  
Plots, when more than one was established in the same catchment, were horizontally 
separated by more than 100 metres, with elevations differing by at least 7 metres. 
 
Each plot was 20 metres square, occupying an area of 400 m2, measured on the ground 
slope.  The number of stems of d.b.h. ≥ 200 mm were recorded, and cores were extracted 
from straight, upright stems of d.b.h. between ≥ 280 mm and ≤ 320 mm, although other 
sizes were substituted when this size range was not available.  Plot slope was measured 





Figure 3.2: The lower South Island, showing location of beech sample plots.  The map 
has a one-degree grid, so each rectangle, at this scale, is approximately 110 km in 





Plots are shown in clusters of 0 to 165 m a.s.l., 176 to 350 m a.s.l., and above 350 m a.s.l.  
This mode of presentation has been followed throughout this document.  The third 
subdivision, that between plots 6 and 16, contains only one plot and although discernible, 
is not mentioned further (Figure 3.3). 
 
 
Figure 3.3:  Plot elevations ranked in increasing order.  Note the vertical lines between 
plots 12 and 2, 9 and 4, and 6 and 16.  These correspond to elevation thresholds of 
175 m a.s.l., 350 m a.s.l., with another, discernible at approximately 700 m a.s.l., 
between plots 6 and 16. 
 
When the slopes above and below the plot centre (stem 0) differed, as they usually did, 
the average slope was calculated.  Plant data was recorded on field data sheets (Appendix 
E).  The data recorded included secondary canopy species and smaller shrubs, including 
ferns.  The forms also served as checklists, to ensure none of the required observations 
were missed.  Photographs taken at each sample plot provided a record (Figure 3.4 and 
Appendix C).  Average annual growth was found from the core readings.  The temporary 
(within-plot) identification number of each of the trees from which core samples were 






Figure 3.4 Two study plots showing contrasting vegetation density: (Left), a relatively 
open plot in the Waikaia Bush (Plot 10); (Right), a view of the Lower Hollyford Valley 
(Plot 15).  The assistant is visible in the centre of both frames at stem 0. 
 
3.4 Tree selection for coring 
At each plot, at least two suitable trees were initially identified for coring by assigning 
sequential, temporary numbers to their stems, and selecting one at random from which 
trial cores were obtained.  This size range was to ensure the cores contained annual growth 
rings formed during within the most recent four decades, accepted as the period of peak 
growth for the tree (Smale et al., 2012)(Figures 3.1, 3.5). 





Diameter increase with age is known to be more linear than height increase with age 
(Pardy et al., 1992, in Smale et al., 2012).  It was recognised that considerable variation 
in size for age exists across the range of habitats and locations for L. menziesii (Norton 
and Ogden, 1990; Smale et al., 2012).  Ageing of trees, which would have required full-
radius cores containing latewood from the entire life of the tree, was not undertaken for 
this project. 
 
Figure 3.6:  A research assistant using the core borer.  It is at almost full depth.  The 
red tape adhering to the tree temporarily marks it as “stem 0”. 
 
 
Figure 3.7:  A freshly extracted core, still in the core spoon.  The increment core borer 
has yet to be withdrawn from tree stem (upper right). 
 
3.5 Tree core sampling and possible tree harm 
The option of incremental core boring was accepted because the alternative, that of felling 




DCC, 2015).  Differences in wood density arising from compression of the sample when 
core boring were not considered to be of any importance (Richardson et al., 2013). 
The boring of trees for core sampling was undertaken after researching the literature 
(Appendix F), where advice about minimising the impacts on trees from coring was 
gleaned (Norton, 1998).  This included avoiding the use of blunt corers, to minimise 
trauma to the tissue, and timing the core collection to take place earlier in the growing 
year to promote more active growth, helping the tree to cope with the injury.  In practice, 
most of the cores were extracted in the southern hemisphere summer and autumn of 2015. 
The track left by the core borer is considered to cause little harm to the tree because of 
compartmentalisation, which segregates the damaged tissue from undamaged tree tissue.  
Compartmentalising is visible in the form of grey shading above the core hole (Figure 
3.8) (Norton, 1998). 
 
Figure 3.8: A view of a core bored stem (Acer pseudoplanatus) sectioned after felling, 
showing the path followed by the core boring.  The tree was felled approximately two 
months after the core had been extracted.  Note the discolouration above the 100 mm 
mark on the scale. 
 
3.6 Core sampling 
Tree core boring was undertaken using 400 mm And Mattson 5.5 mm core borers.  
Although shorter (200 mm) core borers are available, it was found, because of the greater 
mechanical advantage offered by the longer turning radius, that the 400 mm core boring 
tools were easier to use in the field (Figure 3.9). 
Cores were extracted from both sides of the stem at approximate breast height (average 
height above ground level 1.25 m) (Figure 3.6).  Provided both cores were sound and free 





Figure 3.9 And Mattson increment core borers.  (Left): Two sizes of core borers, 
upper, 400 mm, and lower, 200 mm.  Spoons for core removal are beside each boring 
tool.  The shorter spoon has been rotated 90°. (Right): Detail of the cutting end of the 
And Mattson increment core boring tool.  This must be kept sharp to ensure efficient 
cutting and to minimise physical harm to the tree.  Note the small teeth on the core 
spoon, to aid core extraction (upper right). 
 
20 metre plot, with its upper and lower edges aligned parallel to the contours.  This was 
often an iterative process, because only after finding the initially sampled tree stem to be 
free of stem rot, could the operation be continued at the plot.  Other tree stems within the 
plot and the desired d.b.h. were then cored, and if found to contain stem rot, were 
abandoned.  Further stems within the plot were selected and, provided the extracted cores 
were free from stem rot, were accepted cored until up to five trees had been sampled 
(Table 3.2).  In some cases, only a single core could be extracted because it was found 
that coring the opposite side of the stem was physically prevented by the proximity of an 
adjacent stem.  This required the extraction of paired cores from slightly further up the 
stem, or the selection of another tree within the plot, from which paired core samples 
could be extracted (Figure 3.11).  The delicate nature of the cores sometimes meant they 
fractured, either upon extraction, or as they were inserted into the straws prepared for 
their storage (Figure 3.13). 
Only cores for which a ‘counterpart’ core from the opposite side of the stem had been 
extracted, were used in this project.  In some instances, the cores extracted deviated so 
far from the desired radial alignment they were not used for the required forty year 
analysis of annual growth because of the systematic error imposed by the geometric 
misalignment (Table 3.2).  In some cases too, cores had been extracted but were found to 




stem rot compromised annual growth readings because it often rendered the latewood 
unreadable. 
 
Table 3.2: Summary of trees of d.b.h. ≥ 200 mm, and the number of trees core 
sampled, per plot.  Only figures in the “total” row in bold featured in the present study.  
Other cores lacked counterparts from the opposite side of the stem, and for this 
reason, were not used. 
 
 
During the life of the tree, ground movement, wind forces and snow loadings impose 
bending forces which result in the formation of reaction wood on the uphill side of the 
stem, displacing the heart (true centre) from the geometric centre as identified from the 
outside of the stem (Figure 3.10). 
Core boring took place at breast height, nominally 1.4 m above ground level (a.g.l.), 
beside the tree as close as possible along the contour, not from the uphill side as is the 
norm (Stokes and Smiley, 1968)(Figures 3.6, 3.11).  Reaction wood in angiosperms 
grows on the uphill side of the tree stem, and takes the structural form of tension wood.  
It is considered desirable to avoid reaction wood when core sampling (Fritts, 1976) 
(Figure 3.10). 
Plot No
No of stems ≥ 
200 mm dbh
No of trees 
sampled
No of paired 
cores
Total number of 
trees sampled
Total no of cores 
extracted
1 21 3 6 3 6
2 24 4 8 4 10
3 11 2 4 2 5
4 31 4 8 4 9
5 23 3 6 3 8
6 34 4 8 5 9
7 29 3 6 4 6
8 30 4 8 4 8
9 27 2 4 3 6
10 16 3 6 3 6
11 42 4 8 4 8
12 49 4 8 4 8
13 21 3 6 3 6
14 34 3 6 3 6
15 17 3 6 3 6
16 30 3 6 3 6
17 13 2 4 2 4
18 12 2 4 3 6





Figure 3.10: Cross section of a specimen tree.  The horizontal dashed line shows the 
perceived diameter from external referencing, showing how non-radial core boring took 
place.  The reaction wood is formed on the uphill side of angiosperms (hardwoods) 
(After Speer, 2010).  Tension wood is indicated by “T” on the diagram (Fritts, 1976). 
 
Cores were extracted, parallel to the contour, from opposite sides of the stem, to a depth 
of approximately 180 mm. These were bored as closely as possible along a radius, to 
minimise core reading errors.  Deviations from radial coring often occurred because 
despite care being taken to use circular-sectioned tree stems, the tree heart did not always 
coincide precisely with the externally-referenced geometric centre of the tree (Norton et 
al., 1987) (Figure 3.10). 
Many of the core holes were angled slightly upward for ergonomic reasons because in 
sloping terrain and physical difficulties in engaging the core borer at the start, slight 
upward inclination eased the task.  In these instances, the deviation from the horizontal 
was measured by protractor, and was of the order of 5° to 10°.  Generally, core boring 
produced samples extracted perpendicular to the tree stem, minimising errors when 





Figure 3.11:  A 400 mm And Mattson 5.5 mm increment core borer in typical field 
deployment.  Note the adjacent stems which at times complicated the core boring. 
 
3.6.1  Completion of core extraction 
At the completion of the boring, the bore holes, which measured approximately 10 mm 
after the 5.5 mm core was extracted, were plugged with beeswax.  This was undertaken 
despite recent literature (Norton, 1998) indicating no need for such action.  The plugs also 
served as markers, for identifying cored trees should a return visit be required (Figure 
3.12).  The extraction of core samples complied with the requirements set by the 
Department of Conservation (DoC) and the Dunedin City Council (DCC). 
 
Figure 3.12:  L menziesii stem following increment core boring.  The white dot (centre) 




Five photographs were taken at each plot, with the exception of Plot 18, for which no 
photographs were available to record the vegetation found there (Appendix C). 
 
3.6.2  Core preparation for analysis 
Cores were placed in waxed paper straws and were stored in a purpose-built rigid 
container for transport from the field to the laboratory (Figure 3.13). 
Figure 3.13: Labelled drinking straws containing cores, ready for transport to the 
reading laboratory in their purpose-built box. 
 
The cores require approximately a week for drying before mounting (Stokes and Smiley, 
1968).  Care must be taken when mounting to ensure the labelling of all cores is correct 
and cross-checking with the field data was closely followed.  After mounting in grooved 
core boards with PVA glue, oriented with the grain vertical (Figure 3.14), the cores were 
sanded to provide a flat surface to ensure the annual growth rings were as clearly 
distinguishable as possible (Norton and Ogden, 1987). 
 
Sanding flattens the curved upper surface of each core.  Sanding started with 100 grade 
and progressed through the grades, to 800 grade, to ensure maximum contrast between 
the annual growth rings and the early wood between them (Speer, 2010).  The use of a 
sharp blade for preparing a core surface does not provide such useful results as sanding 
does (Norton and Ogden, 1987).  For many cores observed in the present study, the bands 





Figure 3.14:  Cores mounted, ready for reading.  All mounted cores were numbered to 
ensure adequate tracking with field recording sheets and for subsequent verification. 
 
(Figure 3.15).  Earlywood growth was considered to take place during the growing season 
(Norton, 1984).  Norton and Ogden (1987) noted that the spanning of two calendar years 
by the Southern Hemisphere growing season of December to March, establishing the 
convention of referring to the “growth year” by the calendar year in which it started.  
Latewood would be formed in the period where less growth occurs, in the cooler, late-
autumnal-winter months (Norton, 1984). 
 
Figure 3.15: Annual growth layers or rings are formed when the wood (xylem) cells 
formed early in the growing season (Earlywood) are larger, thin-walled and less dense, 
while cells formed at the end of the season (Latewood) are smaller, thick-walled and 
denser.  The change in cell size is abrupt, marking the boundary between annual 
growth rings.  (After Stokes and Smiley (1968), and Fritts (1976). 
 
3.6.3  Core analysis 
Core measurement was undertaken using a Premiere Stereo Zoom model SMZ-05 
binocular microscope (C&A Scientific Co, 2014) and a Velmex Unislide model 
TA4030H1-S6, linked to a VRO Encoder model VRO-1B (Velmex, 2014)(Figure 3.16).  




growth ring as they were recorded.  Readings to three decimal places of a millimetre were 
displayed, but when repeat readings of cores were attempted, rarely agreed to within 0.05 
mm.  Repeat reading of cores failed to provide matching annual growth increments, in 
part because the microscope cursor could not always be aligned to intersect with the 
identical portion of the core during each reading attempt.  This arose because the portion 
of the annual growth rings displayed in the core was not parallel to its predecessor. 
 
Readout data was processed and stored using the Project J2X Software “TA” measuring 
system (Velmex, 2014), and the data were then copied and pasted into Microsoft Excel 
spreadsheets for analysis.  All annual growth values provided in this thesis are radial, not 
diametric. 
 
Figure 3.16:  The binocular core reading microscope with the encoder (upper left 






3.6.4  Difficulties in reading cores 
Referencing the growth for 2014 to the outer-bark-phloem interface meant that only the 
growth from 2013 and earlier was considered.  Averaging data from cores extracted from 
the same tree may provide more reliable data about that tree, (Norton, 1984), but when 
these were plotted against each other in an historical series, differences were immediately 
apparent (Figure 3.17).  Core-reading of New Zealand beech has been recognised as 
posing difficulties (Scott, 1972; Norton 1983b), so verification by undertaking readings 
of most of the cores by an independent reader was performed. 
 
 
Figure 3.17: Cores extracted from opposite sides of the same tree, illustrating the 
differences to be expected in annual growth (Norton, 1984, 1986).  The reading 
sequence was for the most recent growth to be read before older growth, while the 
plotting convention is for older data to be presented to the left of more recent material. 
 
3.6.5  Within stem variation in annual growth 
 
Differences in annual growth within the same stem arise from the differing environmental 
processes to which opposite sides of a tree stem are subjected.  These include differences 
in the bending forces imposed by wind, land slope, sub-surface drainage and sun lighting, 
which affect photosynthesis, growth, and the laying down of vascular tissue (Figures 3.17, 
3.18 and 3.19).  Fritts (1976) and Speer (2010) write of growth patterns that are non-
uniform from tree to tree, nor even from both sides of the same stem, and have developed 
analytical techniques for gauging these.  Known as series intercorrelation, the value is 




tree), (Speer 2010).  The equation, “… adjusts for the variance between the core and the 
master chronology as well as simply comparing the size of the rings in each year” (p. 
107). 
 
Within-tree variation of growth, at the right side (Figure 3.18), shows rings connected by 
near-vertical lines.  Missing rings (more correctly known as ‘locally absent at the sample 
point’), growth rings that are non-circumferential, and rings which do not extend all the 
way up the trunk, are shown at sections I and F, but not at point B (Figure 3.18)(Stokes 
and Smiley, 1968).  Such ring behaviour, where incremental core borings do not detect 
what may be obvious from a sectioned disk, is confirmed by Norton and Ogden (1987).  
Variations in annual growth commonly appear in a stem, and cores extracted from one 
side of the stem, when compared to those from the opposite side, often contain 
discrepancies (Fritts, 1976).  Within-tree growth variation, considerable at lower 
elevations, becomes more uniform at higher elevations (Stokes and Smiley, 1968). 
 
Figure 3.18: A vertical section through a tree, showing that it grows by adding on new 
shells of wood over the old tree.  Note that some rings are neither concentric, nor of 
uniform radial distance.  Some are missing, or are partially missing, highlighting the 
difficulties of core reading when just two small core samples are taken from each tree, 
and the core is intended to represent the entire tree section (Glock, (1937), in Stokes 





Another factor, alluded to by Thomas (2000), is the gradual decline in radial growth found 
as trees age with the passage of time.  This arises for both biological and geometric 
reasons as nutrient, required for sustaining annual growth, is subject to limitations 
imposed by the root system, but annual growth rings, as they form further from the tree 




Figure 3.19:  Earlywood and latewood (growth rings), showing discolouration from 
stem rot, and their non-annular and irregular nature.  Overall diameter of the ring is 
approximately 200 mm. 
 
L. menziesii annual growth rings are typically less than 4 mm, and are often less than 1 
mm apart.  For some cores, it was found that staining with raw linseed oil applied with a 
paint brush, or even simply moistening with water, temporarily enhanced the contrast 
between earlywood and latewood, although this enhancement faded as uptake took place.  
Difficulties were experienced in obtaining consistent core readings. 
 
3.6.6  Verification 
When another person read the cores, differences between the readings were found.  Both 
readers, one experienced in reading Northern Hemisphere species (AK), found difficulty 




three decimal places of a millimetre, suggested a precision which was absent, in that when 
repeat readings of cores were attempted, agreement was never better than ± 0.1 mm. 
 
Some coincidence between the peaks and troughs for reader 1 (CF, the present author) 
with those of reader 2 (AK) are identifiable (Figure 3.20).  This figure highlights the 
errors which a core reader can make when initially reading ill-defined cores, because a 
trough visible for reader 1’s readings for 2012 were not encountered by reader 2 until two 
years earlier, in 2010.  This displacement remains evident in reader 2’s readings 
throughout the rest of the curve.  Distinction between annual and non-annual growth (as, 
for example, in intra-annual growth rings) was not able to be made, because of the 
difficulty in distinguishing between the rings (Norton and Ogden, 1987).  It was found 
that the clarity of growth rings improved slightly with the harsher climates of the higher-
elevation plots, this creating a ring series more sensitive to seasonal climate changes 
(Stokes and Smiley, 1968). 
 
Figure 3.20: One core read by two different readers.  Similarities of readings can be 
discerned, but with displacements in peaks and troughs indicative of reading 
differences between the two observers.  Differences for the most recent years of the 
four-decade record shown here. 
 
The consistency of difference between the two observers was compared across all years, 
for all cores from 16 plots (Figure 3.21).  (The second reader went overseas before cores 
from the two remaining plots became available).  Annual growth values on the vertical 





Figure 3.21:  Comparison of cores for 40 years of average annual radial growth.  
Correlation coefficient for reader 1 between average annual growth and year is 0.75; 
for reader 2, 0.90.  Both are significant at the 0.01 level. 
These graphs show a difference of approximately 0.2 mm between the mean readings for 
the two individual core readers.  It is possible that these differences resulted from reader 
2 attempting to realign the cores to minimise any error arising from reading non-radial 
cores, when reader 1 neglected to follow this method.  This is suggested by the near-
parallel linear trend lines (Figure 3.21). 
Attempts were made to adjust one of the sets of readings, by moving the readings for peak 
and trough areas (along the horizontal axis) to more closely coincide, without changing 
the amplitude (annual growth component), but when the overall average growth was 
compared, little change was apparent, and adjustments of any kind were abandoned, 
because it was felt that the integrity of the data would be compromised after any such 
adjustment.  This was confirmed when it was found that the amplitude (affecting the 
dependant variable, annual growth, shown on the vertical axis) was at times affected as 
the annual data moved along the horizontal axis.  Such movements are an example of an 
accumulating systematic error (Hughes and Hase, 2010). 
With at least two tree stems sampled per plot, a minimum of four paired cores was 
obtained.  Each sample study plot was regarded as being representative of the catchment 




more representative of annual growth patterns than individual stem results would be 
(Norton, 1984).  Variation from tree to tree, even from one side of a sampled tree stem to 
the other, is to be expected (Figure 3.18) (Norton et al., 1987).  The annual growths were 
read and then plotted (Figure 3.22).  When more than one plot was within a catchment, 
the results were kept separate, without attempting to obtain an overall ‘catchment 
average’. 
Averaging data from tree cores obtained at one plot will provide more reliable data about 
growth patterns at that site (Norton et al., 1987; Norton and Ogden, 1990). 
 
Figure 3.22:  Annual radial growths read from eight paired cores taken from Plot 6 
(Painted Forest), the mean value shown in bold. Peak growths were observed from the 
mean, occurring approximately every 3.4 years.  Troughs were discerned less 
frequently, approximately every 4.8 years on average. 
 
3.6.7 Errors in core measurement 
The magnitude of errors to be found in core readings was measured.  The literature 
indicated a reading precision of 0.01 mm was possible (Cullen et al., 2001a). 
It had previously been calculated that a core bored from an angle of +/- 10° above or 
below the horizontal plane would induce an error of approximately 2.5% in measuring 
annual growth, assuming no other errors were present.  A trial was undertaken to ascertain 
the magnitude of the errors in measuring annual growth when horizontal misalignment 
arising from the formation of reaction wood shown in Figure 3.8 took place.  A 




a full-size drawing, to introduce an absolute error of approximately 2.5% when measuring 
annual growth.  Core shrinkage was determined by measuring the length of cores at 
extraction, and comparing these with their length after undergoing a one week drying 
period.  An average shrinkage of 6.9 mm was observed from a sample of 61 cores, 
amounting to a percentage shrinkage of 4.0%. 
Errors arising from misalignment are systematic, and tend to accumulate along the length 
of the core, being effectively non-radial readings.  Errors arising from shrinkage of the 
cores are also systematic, and arise from a physical reduction in linear distance measured 
along the length of the core. 
Overall, the effect of these errors is to cancel, with the error of +2.5% arising from 
misalignment being offset by that of shrinkage from drying, of -4.0%, leaving a residual 
error of +1.5%.  Gärtner et al., (2015) note that misalignment errors “...are not an issue…” 
for studies such as the present one (p. 8). 
3.7 Measurements taken at the plot  
3.7.1  Tree measurements 
Two measures of plant growth are used in this project.  Core analysis reveals patterns of 
annual growth for each stem, and the accumulated stem cross-sectional area gauges the 
total growth at each plot. 
 
To obtain data for gauging the effects of competition from neighbouring trees on the 
sample trees, all stems of d.b.h. ≥ 200 mm were measured and catalogued.  Stems over 
200 mm which were found to be dead and which had not undergone major decomposition 
were included because they would, in the relatively recent past, have affected the canopy.  
Estimates of vertical height of trees were made by both party members, and where they 
differed, these were averaged.  These estimates were later used to develop a proxy value 
for woody biomass at each sample plot. 
 
Competition from neighbouring trees becomes influential when the canopy reduces the 
light available for plant growth.  Understorey plants, even when shade-tolerant, are 
affected when canopy gaps are created by individual stem-fall.  The creation of such light-
wells enhances the growth of L menziesii seedlings and individual tree shape is greatly 




proxy for canopy density, the factor governing tree shape in the case of L. menziesii, 
where its shade tolerance reduces apical dominance unless canopy gaps occur.  Without 
canopy gaps, stems tend to become multi-leadered, developing large branches (Wardle, 
1984; Wardle, 2011; Smale et al., 2012). 
 
The proxy value substituted for total biomass in the present study, woody biomass, was 
obtained by calculating the cross sectional area of all stems (regardless of species) within 
the plot of d.b.h. 200 mm or more, and using the established formula for computing 
volumes of conic sections (Bairstow, 1985).  This value for woody biomass could not be 
equated with actual timber volume at the site, because the estimated tree height included 
twigs and leaves, both of which would be far below marketable size of two cm (New 
Zealand Forest Service, 1976; Richardson et al., 2011).  Woody biomass was determined 
for each plot, with no annual variation, so the standard deviation was obtained from the 
variances found across all 18 plots.  Woody biomass used in the present study included 
all tree species, and was not confined to L. menziesii. 
 
The use of the expression “woody biomass” may sound uncomfortably like an attempt at 
quantifying timber volume at each plot for commercial purpose.  No such outcome was 
considered, in part because for production purposes, timber volume from even plantation 
silver beech is known to be less than 20% of the volume realised from plantations of 
exotic species (Kirkland and Johns, 1973).  Any relationship with the actual volume of 
timber which might grow at each plot will be entirely accidental because estimates of tree 
height used for calculating the woody biomass included twiglets and leaves, far below the 
merchantable size of timber which, by generally accepted practice (New Zealand Forest 
Service, 1976).  The derivation of merchantable timber volume by such a method is not 
viable in industry. 
A comparison was undertaken of the combined cross-sectional area of all stems of d.b.h. 
≥ 200 mm, and the woody biomass volume.  These were quantified at plot level, and the 
comparison across the 18 plots had a Pearson correlation coefficient of 0.87.  On this 
basis, it was decided to use the woody biomass volume as the indicator for total plot 





To summarise, the average annual growth used earlier is a linear (radial) value and is also 
used for comparative purposes.  The terms average growth and annual growth are 
synonymous, the latter being used when climate factors were superimposed upon annual 
growths.  Woody biomass uses a proxy value for the total volume of woody biomass 
which had accumulated at each study plot. 
 
3.7.2  Environmental measurements 
The aspect, slope, vegetation cover at the ground (extent and species), and estimated 
treetop height above ground level were noted.  Plots were initially set out using a 30 m 
fibreglass tape, but a Bosch model PLR 50 hand-held electronic distance measuring tool 
was found to be better suited for use in the forest environment because it was lighter, 
more portable and usually, less likely to be affected by intervening plant life than the tape.  
At some plots, because of the terrain and intervening foliage, it became difficult to obtain 
clear distance readings, these necessitating repeat readings by seeking gaps in the 
intervening foliage. 
 
The plot aspect was measured by a Silva Type 15 magnetic compass and checked with a 
Garmin GPSMAP 62SC hand-held global positioning system (GPS) unit.  Slope was 
gauged with an Abney level, or for some plots, using a clinometer, using readings taken 
from the uphill and downhill faces of the square, oriented towards stem 0.  These readings 
were averaged to prove an average ground slope.  Photographs were taken at 90˚ angles 
to all sides of the square, towards stem 0, and vertically at stem 0 with either the GPS 
unit, or with a Fujifilm Finepix model JZ 500 digital camera, at all except plot 18.  At 
some plots, photographs were taken from stem 0, looking towards the mid-point between 
the corners of the outside of the square.  This inconsistency was not felt to be harmful 
because the photographs taken parallel to the ground surface were for illustration, not 
measurement. 
 
Vegetation cover near the ground was observed by visual identification of the 
predominant plants surrounding stem from which cores were extracted.  These were aided 
by the botanical knowledge of the party members, and by reference to texts including 





When the Bosch distance measuring tool was used in attempts to measure the tree height, 
it was found to be unworkable for two reasons: the high ambient light level of the sky, 
and because the laser dot angular diameter of approximately 2.5 angular minutes was 
almost impossible to place reliably upon a thin upper tree branchlet when distances 
exceeded 12 metres.  Even on overcast days, the laser dot was provided inadequate 
contrast to remain visible because the intensity became attenuated by distance.  Wind 
movement of the target branch frequently prevented the placement of the beam on the 
stem, required for a distance reading.  This often precluding satisfactory readings of tree 
height (Bosch 2011).  Measurement of tree height was proven to be difficult (Hare, 1984). 
 
3.8 Climate data 
Speer, (2010) and Bradley (1999) write that trees provide a record of all variables which 
affect their growth, so the use of core records will display an amalgam of these.  Climate 
data from the Virtual Climate Station network (VCS) was used for the study period of 
1974 to 2013 (NIWA, 2015; Tait, et al., 2012).  These are interpolated from NIWA 
climate station data nearest to each plot (Figures 2.3, 3.23). 
3.8.1  Virtual Climate Station (VCS) network 
The availability of VCS data eliminated any need for alternative methods of deriving 
climate information.  This meant that the most reliable modelling available was used in 
the derivation of climate data for each plot (Tait et al., 2012).  The virtual climate network 
uses sophisticated modelling interpolated from the nearest climate stations surrounding 
the sampling plots (Tait et al., 2006).  An advantage of this is that while observed climate 
data for each sample plot are unknown, this method provides reliable estimates and has 
been corrected for differences in location and altitude.  VCS data are for a network based 
on a resolution of 0.05 angular degrees of latitude and longitude, so none of the VCS data 






Figure 3.23:  Mean air temperatures (MAT) (grey bars) and total precipitation (PPT) 
(black bars), with plots ordered in increasing elevation. 
 
3.9 Statistical analyses 
Statistical analyses were performed on these data for clarification.  The usual measures 
of average, for describing the central tendency, and standard deviation, for variability, 
were used.  To compare standard deviations, the coefficient of variation, the standard 
deviation divided by the mean, was used as an index of relative variability.  For analysing 
the more complex relationship between annual growth and the factors considered to affect 
it, regressions, in the form of product-moment correlation coefficients were computed for 
determining the mainly linear relationships (Harraway, 1993; Rogerson, 2010).  
Comparison of the readings between the two readers, involved calculation of the root 
mean square error (RMSE) (Chai and Draxler, 2014).  The RMSE predicts the spread of 
values on the vertical axis associated with a given value from the horizontal axis. 
 
Correlation does not necessarily imply causation, even when accompanied by statistically 
significant coefficients, where climate factors and plant growth is concerned.  It is 
suggested though that persistent trends offer themselves to interpretations implying some 





Annual growth data obtained for the present study was analysed in two modes, one based 
on forty year averages of growth obtained at 18 plots (n = 18), the other based on the 
annual data taken at 18 plots (n = 40).  Inevitably, dichotomies between location-derived 
and time-derived data arise.  The 18 plots were further subdivided into elevation clusters 
of 0 to 175 m a.s.l., 176 to 350 m a.s.l., and above 350 m a.s.l. 
 
Averaging the observed growths, MATs and PPTs across all 18 plots for a given year 
naturally removed the variations imposed by the different locations, making these an 
historical series.  Variation from plot to plot was retained.  The converse, averaging by 
year across all locations, provides data which reflects annual trends, irrespective of 
location.  The distinction between one set of data (n = 18) and the other (n = 40) is an 
important one because this study focusses upon finding local and regional variations as 
well as seeking the relative importance of climate, topography and plant competition upon 
annual growth over the study period. 
 
In order to assess the relative contribution of the six predictor variables used in this study 
(elevation, slope, aspect, woody biomass, MAT and PPT) to average annual growth at the 
plot level, generalised linear regression models with Gaussian error and identity link 
functions were used.  The relative importance of each predictor variable was quantified 
as reduction in deviance for the individual variable, compared to the full model containing 
all six variables.  The lower the residual deviance, the higher the explanatory power of 
that variable.  It was noted that high values of deviance indicate poor model fit, and the 





Chapter 4 - Results 
This project investigates the relationship between annual growth and climate factors for 
silver beech (L. menziesii) across its range in the lower South Island.  Annual growth 
estimates for 1974 – 2013 were obtained from increment cores from 56 trees in 18 survey 
plots across the study area.  This chapter describes the vegetation and climatic attributes 
of the surveyed plots and cored trees (section 4.1), the verification of the tree ring readings 
(section 4.2), temporal and spatial patterns of annual growth (section 4.3) and 
environmental correlates of annual growth (section 4.4).  Competition from neighbouring 
tree stems, and the regression analyses of the factors identified to be affecting annual tree 
growth are presented in sections 4.5 and 4.6, respectively. 
 
4.1 Plot and tree characteristics 
Eighteen 20 x 20 m plots in forests dominated by silver beech were surveyed across the 
lower South Island (Figure 3.2, Appendix B).  The number of beech stems cored in each 
plot ranged from two to four.  At the plot level average annual radial growth ranged from 
0.59 to 1.99 mm.  The number of beech stems sampled in each plot ranged from 2 to 4.  
Total woody biomass in these plots ranged from 5.9 to 45.9 m3.  Total annual precipitation 
ranged from 715 to 6,112 mm, and annual mean air temperatures ranged from 5.3 to 
11.0°C (Table 4.1). 
4.2 Verification of tree core readings 
Given the inherent and well-documented difficulties with reading annual tree rings in the 
southern beech species due to their small size (Norton, 1986, Norton and Ogden, 1987), 
two independent readers (reader 1, CF; reader 2, AK) read the 40 annual rings of 102 of 
the 112 cores (91%) resulting in 4080 double-read annual ring measurements (Figure 
4.1(a)).  Agreement between the readings of the two readers was compared at three levels: 








Table 4.1: Plot characteristics of the 18 surveyed plots, arranged into elevation clusters 
(m3 = cubic metres; MAT = mean air temperature; °C = degrees Celsius; PPT = total 
precipitation; mm = millimetres). 
 
 
4.2.1  Individual annual rings 
Overall, the average ring width measured by reader 1 was 1.208 mm (0.798 st dev) 
compared to 1.035mm (0.723 st dev) for reader 2. The absolute difference between the 
two readers was < 0.2mm for 31% of readings and less than 0.5mm for 59% of readings.  
However, the maximum difference between two readings of any ring was 6.2 mm and 
overall agreement between all readings was low (R2 = 0.22; Table 4.1).  Of all 4080 rings, 








MAT (°C) PPT (mm)
Average annual 
growth (mm)
5 16.6 10.3 824 1.92
18 7.0 9.4 1319 1.99
3 9.2 9.5 836 1.65
11 29.7 8.5 818 1.42
12 25.1 9.3 851 0.82
2 7.0 10.3 719 1.75
1 5.9 9.2 715 1.47
7 45.9 9.5 1144 1.39
8 27.4 9.5 1144 1.53
15 22.2 9.4 5695 0.84
10 36.4 9.6 903 0.71
9 24.1 9.6 903 0.78
4 8.4 9.0 847 1.24
14 19.5 11.0 3253 0.83
13 19.2 11.0 3253 1.48
17 35.0 9.3 1171 1.24
6 19.6 9.3 1135 0.75
16 15.1 5.3 6112 0.59
40 year average
0 to 175 m 
a.s.l.









Figure 4.1(a): Scatterplot of 4080 individual annual ring width readings made by two 
independent core readers. The line represents the 1:1 line.  (b): Frequency distribution 
of differences between the two readers (CF – AK). Positive difference values indicate 
that CF read a ring as wider than AK; negative difference values indicate that CF read 
a ring as narrower than AK. 
 
4.2.2  Plot averages 
At the plot level, the average difference in annual ring width measurements between the 
two readers was 0.08 mm, standard deviation (st dev) 0.87 mm with the maximum 




there was generally very good agreement between the two readers (Figure 4.3) with a 
correlation coefficient of R2 = 0.79 (Table 4.1).  There was no relationship found between 
plot elevation and the differences between readers (Figure 4.5). 
 
Figure 4.2:  Comparison of average annual tree ring statistics per plot between the two 
readers.  Plots are shown in order of increasing elevation.  Error bars are ± 1 standard 
deviation. 
 
The average growth, by plot (n = 16, , R2 = 0.79, significant at 0.01), confirms a 
relationship between the results from the two individual core readers (Figure 4.3(a)), 
while the coefficient of variation for the plots (n = 16, R2 = 0.32) is not statistically 
significant (Figure 4.3(b)). 
 
Figure 4.3: Comparison of average annual growths and coefficients of variation, in two 
modes.  Each dot represents a plot.  (a) Average annual growth for the 16 plots.  (b) 
Coefficients of variation.  Error bars are ± 1 standard deviation. 
 
When these differences were analysed for the 16 plots, with the between-reader 




with increasing elevation was found to be not statistically significant (n = 16, R2 = 0) 
(Figure 4.4(a)).  Nor were the differences in coefficients of variation (n = 16, R2 = 0) 
(Figure 4.4(b)).  Both trend lines were slightly inverse, suggesting smaller differences 
with increasing elevation. 
 
 
Figure 4.4:  Differences between the results from two core readers for 16 plots.  Each 
dot represents a plot mean.  (a) Plot average annual growth differences, versus 
elevation, showing a reducing trend with gains in elevation.  (b) Coefficients of variation 
differences versus elevation, showing non-significant inverse correlation of declining 
differences with increasing elevation. 
 
4.2.3  Annual averages 
The average difference between annual ring readings of the two readers was 0.15 mm, 
with n = 40, CF mean = 1.20 (0.26 mm standard deviation (st dev)) and AK mean = 1.05 
(0.14 st dev) (Appendix H, Table H 3). 
 
Agreement between readers was high for annual averages (n = 40, R2 = 0.59, significant 
at 0.01) (Figure 4.5(a)).  Coefficients of variation between the two readers (n = 40 plots, 
R2 = 0) were not significant (Figure 4.5(b)). 
 
Figure 4.5: Comparison of annual average growths and coefficients of variation between 
the two readers.  Each dot represents an annual mean.  (a)  Average annual growth for 





























Despite the emergence of differences between the two readers when 4,080 individual 
annual ring readings were compared, the differences diminished in significance when 
these readings were coalesced into plots, and years (Table 4.2).  These results gave a 
foundation for confidence in the results of annual averages and plot averages obtained by 
reader 1 (CF).  These readings were therefore accepted and used throughout this project. 
 
Table 4.2: Agreement between ring readings of two readers at three levels: 4080 
individual annual rings, 40 annual averages, 16 plot averages. Correlation R2 and 
correlation coefficients r are given to indicate the agreement between the two readers. 
Sample Correlation R2 Correlation coefficient r 
Individual ring readings (n = 4080) 0.22 0.47 
Annual averages (n = 40) 0.57 0.69 
Plot averages (n = 16) 0.79 0.89 
 
4.3 Annual tree growth 
4.3.1  Within-stem variation of annual growth 
Agreement in annual readings between the two cores from the same tree was generally 
low (74% of correlation coefficients < 0.4).  Correlation between paired cores extracted 
from trees (series intercorrelation), was plotted against elevation (n = 57, R2 = 0, not 
statistically significant) (Figure 4.6). The low R2 value reflects a slight linear positive 
relationship between the annual growths found in cores from one side of a tree, and those 
from the opposite side, this increasing slightly as the plot elevation increased.  As the 
elevation increased, the range of correlation values diminished (Figure 4.6).  Positive 
correlations between cores extracted from opposite sides of the same stem were obtained 
from 16 pairs of cores, all at the 0.01 level of significance, while negative, inversely 
significant correlations were obtained from just three stems.  What is also apparent in 
Figure 4.6 is that positively correlated core pairs outnumbered the inversely correlated 





Figure 4.6: Series intercorrelation coefficients, correlation values for average annual 
growth, taken from 112 cores extracted from 56 tree stems, plotted against elevation.  
Each dot represents a stem. 
 
4.3.2  Within-plot variation of annual growth 
In each plot, two to four trees were cored.  Core readings were averaged to provide 
average growths and standard deviations, and coefficients of variation (C of V) were 
computed, as indicators of comparative variability.  The overall variability for all 18 of 
the plots is shown in Figure 4.7(a), with a weak trend of decreasing within-plot variability 
with increasing elevation.  The variability for plot elevations split into three clusters (low, 
0 – 175 m a.s.l.; middle, 176 to 350 m a.s.l.; and high, above 350 m a.s.l. respectively) 
are in Figure 4.7(b). 
 
Figure 4.7: Variability of annual growth, as shown by coefficients of variation.  (a) Plot 
variability (n = 18).  (b) Plot variability (n = 18), plots split into subgroups according to 
elevations, low (0 to 175 m a.s.l.); medium (176 to 350 m a.s.l.); high (>350 m a.s.l.).  
Sample numbers (n = 5), (n = 7) and (n = 6) respectively. 
 
Within-plot variation in annual rings at any given year was generally high for several 
plots in all three elevation bands: low-elevation plots (Fig. 4.8(a)), mid-elevation plots 




plotted with the pale lines showing the individual core readings (two per tree), the bold 
line the averaged value of all cores within that plot (Figure 4.8(a-c)).  Individual core 
readings reflect difficulties in identifying late wood, and the distance between these bands 
gave occasional high early wood readings which are apparent from the ‘spikes’.  In the 
lowest elevation cluster (0 – 175 m a.s.l.), the annual growth range is 4.9 mm (Figure 
4.8(a)) over the study period of 1974 to 2013. 
 
Figure 4.8(a)  Annual growth patterns 1974 to 2013, for plots at low-elevations (0 – 
175 m a.s.l.) 
 
Individual core average growth readings from these graphs (Figure 4.8(b)) range from  
0.1 to 5.0 mm for this elevation band too (176 to 350 m a.s.l.), with an average range of 
annual growths of 3.2 mm for the study period.  In only three of the seven plots shown is 





Figure 4.8(b) Annual growth patterns 1974 to 2013, for the mid-elevations of 176 – 350 
m a.s.l. 
 
Individual core average growth readings at the highest plots from these graphs (Figure 
4.8(c)) ranged from 0.1 to 4.9 mm for the elevations above 350 m a.s.l.), but average 









4.3.3  Temporal change in annual growth 
The gradual reduction in annual growth over time is clearly illustrated by averaging all 
core readings on an annual basis for all tree sizes (Figure 4.9(a)).  Linear correlation 
between average annual growth and time was inverse (n = 40, R2 = 0.6, significant at 
0.01).  The coefficient of variation for average growth, when plotted against time, is 
positively correlated (n = 40, R2 = 0.4, significant at 0.01) (Figure 4.9(b)), suggesting that 





Figure 4.9:  Time-related trends in annual growth.  (a)  Average annual growth across 
all plots.  (b)  Annual variation, expressed as coefficient of variation (C of V). 
 
Figure 4.10 also evaluates 40 year average growths, but each sample involves a different 
number of tree stems.  Relating average annual growth to tree stem dbh, the decline in 
growth over time is significant for dbh of less than 300 mm (n = 40 years, 20 trees; R2 = 
0.05, significant at 0.01), more strongly so for trees of dbh between 300 and 400 mm (n 
= 40 years, 25 trees; R2 = 0.4, significant at 0.01) (Figure 4.10(a) and (b)).  However, for 
trees of dbh > 400 mm, (n = 40 years, 10 trees) the linear correlation dwindles to one of 
no statistical significance (Figure 4.10(c)). 
 
This is mirrored by comparing average annual growths over time for trees at the three 
elevation levels, (Figure 4.10(d)), (e)) (f)).  Here, the number of trees from which 40 year 
averages were calculated were 15, 22 and 18 trees respectively.  Downhill linear trends 
are apparent for all of these plots, but only the trend for low-elevation trees is of any 
significance (n = 40, R2 = 0.8, significant at 0.01).  The trend line slope reduces with 
increasing elevation (Figure 4.10(d), (e) and (f)), and the annual scatter increases 






   Dbh     Elevation 
 
Figure 4.10:  Trends in average annual growth, sorted by dbh and by elevations.  
Vertical scales for dbh are identical.  Each dot represents an annual mean.  (a) Stems 
of dbh < 300 mm, (n = 20).  (b) Stems of dbh 300 mm to 400 mm, (n = 25).  (c ) Stems 
of dbh > 400 mm, (n = 10).  Elevation clusters: vertical scales for all elevations are 
identical: (d) Stems at 0 to 175 m a.s.l., (n = 15). (e) Stems at 176 to 350 m a.s.l., (n = 
22).  (f) Stems above 350 m a.s.l. (n = 18). 
 
4.4 Environmental correlates of annual growth 
4.4.1  Elevation and topography 
Correlation between mean air temperature (MAT) and elevation (n = 18, R2 = 0.25) was 
declining with increasing elevation, but was not found to be statistically significant 
(Figure 4.11(a)).  That between total precipitation (PPT) and elevation (n = 18, R2 = 0.35) 






Figure 4.11: Elevation effects upon (a) mean air temperature (MAT) and (b) total 
precipitation (PPT), for 18 plots.  Each dot represents a plot mean.  Error bars are ± 1 
standard deviation. 
 
Plot average growths, when compared with elevations of the plots over the forty year 
study period, were significantly correlated at the 0.05 level (n = 18, linear R2 = 0.4) 
(Figure 4.12(a)).  When average growth was correlated with aspect after the removal of 
three plots with no slope (that is, flat topography with no discernible aspect), (Figure 
4.12(b)), an inverted quadratic polynomial which was significantly correlated (n = 15, R2 
= 0.62, significant at 0.01), was obtained, one with its peak oriented towards 180°, away 
from the diurnal sunlight, and less prone to desiccation.  However average ground slope 




Figure 4.12:  Average annual growths compared with plot topography.  (Each dot 
represents a plot mean).  (a): plot elevation; (b): aspect; (c): average ground slope.  





Plot elevation, when divided into three bands for discerning within-elevation-band 
patterns average annual growth (Figure 4.13), provides inverse linear correlations which 
are not significant for these small samples (n = 5, R2 = 0.86; n = 7,  R2 = 0.87; n = 6, R2 
= 0.45)).  However, the correlation trend lines between annual growth and elevation, 
although steep for plots at the lower elevations, flatten markedly for the plots above 350 
m a.s.l., suggesting a diminishing influence of elevation upon annual growth as elevation 
increases. 
 
Figure 4.13  Average annual growth v. elevation for three elevation zones.  Each dot 
represents a plot mean. 
 
4.4.2  Mean air temperature 
Mean air temperature did not have a major influence on annual growth (Figure 4.14(a), 
(b), and (c)), where annual growth was plotted against the climate variable of mean air 
temperature (MAT), with plots grouped into the three elevation bands.  Plot numbers 
shown are at the top centre of each frame. 
Two elevation plateaux exist (Figure 3.3), but these are not reflected in any distinct change 
in the relationship between average growth and MAT, although the average MATs in the 
three lowest-elevated plots declines from 9.7°C, to 8.9°C for the two plots elevated above 
110 m a.s.l.  (Average MAT for the five plots is 9.4°C).  Average annual growth for these 





Figure 4.14 (a): Average annual growth and mean air temperature (MAT) over a 40-








The gradual increase in plot elevation is not accompanied by any marked change in the 
relationship between annual growth and MAT (Figure 4.14(b)).  Coincidence between 
peaks and troughs in mean air temperature with those of annual growth is generally 
absent, although some with one to four year lags are apparent.  Average growth ranges 
from 0.71 mm and 1.75 mm, (n = 7, x̅ = 1.21 mm). 
 
Figure 4.14(b): Average annual growth and mean air temperature (MAT) over a 40-
year time series, for plot elevations between 175 and 350 m a.s.l., plots are shown in 





For the five most highly elevated plots, closer coincidence between peak growth and peak 
MAT would have been expected in the plots at the highest elevations (Figure 4.14(c)).  
MAT averaged 9.1°C, and the average growth varied between 0.75 mm and 1.24 mm, (n 
= 6, x̅ = 1.02 mm). 
 
Figure 4.14(c):  Average annual growth and mean air temperature (MAT) over a 40-
year time series, for plots elevated at more than 350 m a.s.l., plots are shown in order 
of increasing elevation. 
 
Average growth per year was positively correlated to mean air temperature (MAT), (n = 
18, R2 = 0.1, not significant) and its coefficient of variation showed a slight, but non-
significant inverse correlation against MAT (n = 18, R2 = 0) (Figure 4.15 (a) and (b)).  
Figure 4.15(b) supports Figure 4.15(a), with its similar clustering of data points, and lack 





Figure 4.15:  The relationship between average annual growth and mean air 
temperature.  Each dot represents a plot.  (a): Average annual growth versus mean air 
temperature (MAT); (b): average growth coefficient of variation versus total (MAT).  
Error bars are ± 1 standard deviation. 
 
Average growth was plotted against mean air temperature for the study period (n = 40), 
with average growth from the three elevation clusters.  At all elevations (Figure 4.16) 
non-significant trend lines were found; but for the two higher elevations (Figures 4.16(b) 
and (c)), slight positive trends were derived. 
 
Figure 4.16: Average annual growth versus mean air temperature (MAT), segregated 
by elevation in three clusters, (a) 0 – 175 m a.s.l., (b) 176 – 350 m a.s.l., (c) above 350 
m a.s.l.  Each dot represents an annual mean.  (Error bars are ± 1 standard deviation). 
 
4.4.3  Total annual precipitation 
Annual growth was plotted against the annual precipitation (Figure 4.17).  Plots are 
grouped according to the three elevation clusters described earlier.  For these lower level 




p.a. to 1319 mm p.a. (n = 5, x̅ = 930 mm).  At three plots, precipitation trended noticeably 
downward over time. 
 
 
Figure 4.17(a):  Average annual growth and total precipitation (PPT), versus a 40-year 
annual time series, for plots elevated between 0 and 175 m a.s.l., shown in increasing 
order of elevation. 
 
 
At these mid-level plots, average annual growth was 1.21 mm, and total precipitation 
ranged from 715 mm p.a. to 5,695 mm p.a. (n = 7, x̅ = 1,603 mm) (Figure 4.17(b)).  A 
downward trend in precipitation was not as noticeable for these plots as it was for those 






Figure 4.17(b):  Average annual growth and total precipitation (PPT) versus a 40-year 
annual time series, for plots elevated between 176 and 350 m a.s.l., shown in 
increasing order of elevation. 
 
 
At the high level plots (Figure 4.17(c)), average annual growth was 1.02 mm, and total 
precipitation ranged from 847 mm to 6,112 mm p.a. (n = 6, , x̅ = 2,927 mm).  Some 
relationship between annual growth and total precipitation is suggested by these graphs, 
particularly for those at the higher elevations, but the relationship appears to be a lagged 
one, with peaks and troughs in precipitation preceding peaks and troughs in annual plot 




harsher climate would be expected to enhance annual ring clarity.  Only a slight decline 




Figure 4.17(c):  Average annual growth and total precipitation (PPT) versus a 40-year 
annual time series, for plots elevated at more than 350 m a.s.l., shown in increasing 
order of elevation. 
 
 
Average growth was plotted against total precipitation for the study period (n = 40), with 
average growth from the three elevation clusters.  At the lowest elevation (Figure 4.18(a)), 
a positive trend line (n = 40, R2 = 0.2, significant at the 0.05 level), was found, but for the 








Figure 4.18:  Average growth versus total precipitation (PPT), segregated into three 
elevation clusters; (a) low; (b) middle; (c) high.  Each dot represents an annual mean. 
 
Plot average growth, when assessed against plot PPT, was inversely correlated to total 
precipitation (n = 18, R2 = 0.2, not significant) (Figure 4.19(a), and its coefficient of 
variation was of no significance when evaluated against total plot precipitation (n = 18, 
R2 = 0) (Figure 4.19(b)).  For Figure 4.19, the spread of correlation coefficients 
diminished with increasing precipitation. 
 
Figure 4.19: Annual growth by plot, for all years.  Each dot represents a plot value.  
(a): Average growth versus total precipitation (PPT); (b): Coefficient of variation (C of 
V) for annual growth versus (PPT). Error bars are ± 1 standard deviation. 
 
For the 40 years, two trends emerge from plots of the average growth versus average MAT 
(Figure 4.16), and average PPT (Figure 4.18).  Average growth versus average MAT has 
a non-significant linear trends (n = 40, R2 < 0.1) (Figure 4.16).  Average growth versus 
PPT has significance only at the low elevations (Figure 4.19(a)), (n = 40, R2 = 0.2, 





There is a stronger influence of temperature on annual growth in colder than in warmer 
regions (Figure 4.20(a)).  Correlations between average annual growth and to MAT, 
plotted against MAT were strongly inverse (n = 18, R2 = 0.6, significant at 0.01) (Figure 
4.20(a)).  For precipitation, the relationship was not significant (n = 18, R2 = 0), but a 
slight decline was apparent in the relationship between correlation of annual growth and 
precipitation, when plotted against precipitation (Figure 4.20(b), Table 4.3). 
 
Figure 4.20: Correlation between average annual growth and key climate factors.  
Each dot represents a plot value. (a) Against mean air temperature, versus MAT. (b)  
Total precipitation, versus PPT.  A stronger inverse linear relationship is found between 
the R2 value for average annual growth against MAT, and MAT, than between the R2 
value for average annual growth against total precipitation, when plotted against PPT. 
 
Table 4.3: R2 values between annual growth and mean air temperature (MAT), and R2 











































4.4.4 Competition from neighbouring trees 
Apart from enumerating the tree stems in a plot, and plotting the areal density there is no 
simple index of competition.  Woody biomass, derived from the accumulated cross 
sectional area of stems of dbh ≥ 200 mm, was used as a proxy measure here.  Woody 
biomass at plots ranged from 5.9 m3 to 45.9 m3, averaged 20.7 m3, with a standard 
deviation of 11.0 m3.  The standard deviation was determined from a sample of all plots, 
and so was a single value, as shown by the error bars (Table 4.1, Figure 4.21(a), to (e)).  
In none of the relationships tested in Figure 4.21 was a statistically significant linear 
relationship found.  Nor was the curvilinear relationship (Figure 4.21(b)) of any statistical 
significance. 
Grouping the 18 plots into three elevation clusters (0 to 175 m a.s.l., 176 to 350, and 
above 350 m a.s.l.), and plotting average growth against woody biomass, showed no 
statistically significant correlations, but increased at the higher elevations (Figure 4.22).  
The trend lines for the low and for the mid-elevated plots were inverse, in that they 
showed diminishing average growth versus woody biomass trends, while the most highly 
elevated plots trended slightly positively.  The positive change in slopes with increasing 
elevation suggest increased biomass with elevation, as in Figure 4.21(a). 
No significance can be attached to linear correlations derived from woody biomass versus 
plot aspect (Figure 4.21(b)), even when three flat plots (with zero slope) had been 
removed from consideration.  In contrast to the correlation for average growth versus 
aspect (Figure 4.12(b)), where the quadratic relationship was inverse and significant at 
the 0.01 level, the R2 value for woody biomass v aspect, although quadratic, was inverse 
(n = 15, R2 = 0.2), and not statistically significant (Figure 4.21(b)).  However, like the 
result for average growth, the aspect for which the relationship peaked (Figure 4.12(b)) 
or ‘troughed’ (respectively), remained at approximately 180 degrees (Figure 4.21(b)). 
Woody biomass versus average ground slope provided the highest linear R2 value (n = 
18, R2 = 0.1) (Figure 4.21(c)), but again, not to a significant extent.  Linear regressions 
of woody biomass against MAT and PPT for the plots were not of any statistical 





Figure 4.21 Woody biomass plotted against topographic and key climate parameters.    
Each dot represents a plot mean.  (a): versus plot elevation; (b): versus plot aspect; 
(c): versus average ground slope; (d): mean air temperature (MAT); (e): versus total 
precipitation (PPT).  None of these diagrams suggest a strong linear correlation 
between woody biomass and the other factors.  Error bars are ± 1 standard deviation. 
 
Generally, there was a negative trend between plot woody biomass and annual growth of 
the cored trees in the plot (Fig. 4.22) indicating that competition from neighbouring trees 
may slow annual growth.  However, this relationship was strongly elevation-dependent 
with this negative effect being strongest at low elevations and weakest (in fact reversed) 
at high elevations.  Although consistently lacking in statistical significance, these trends 
showed that the proxy for competition (woody biomass), at lower elevations had an 






Figure 4.22:  Average growth versus woody biomass per plot, with plots grouped by 
elevation.  Each dot represents a plot mean. 
 
 
4.4.5 Non-linear and interaction effects 
In order to check for non-linear and interaction effects of the six predictor variables 
(Figure 4.23) multiple regressions were fitted with average annual growth as response 
and the predictor variables added as linear, 2nd and 3rd order polynomials. Under all 
scenarios, elevation had the most explanatory power (Fig. 4.23).  In terms of non-linear 
responses, only for plot aspect did a 3rd order polynomial term increase the predictive 
power of that variable. 
 
The full model containing linear terms of all six predictor variables explained 77% of the 
variation in annual growth at the plot level (deviance reduction from 3.37 (null model) to 
0.76).  A stepwise variable selection was applied which leads to a simple model that 
explains the highest amount of variation using the smallest number of variables (Table 
4.4).  After the procedure, three variables were retained in the final model as significant: 
elevation, woody biomass and aspect.  The model contains just three predictors, reducing 
the deviance to 0.82.  Overall, elevation had the most significant influence on annual 






Figure 4.23:  Individual contributions of the six predictor variables, fitted as linear, 
second and third order polynomials.  “elev” refers to the factor of elevation, “slope” is 
the ground slope from the horizontal, “aspect” is the direction of the downhill aspect 
related to true north, “w_bio” is woody biomass, “mat” is mean air temperature, and “ppt” 
is total precipitation. 
 
 
Table 4.4: Stepwise variable selection showing the final model p-values.* = significant 
at 0.1, ** = significant at 0.05.  Variables retained in the final model are in bold. 




Woody biomass 0.02** 
Mean air temperature 0.52 
Total precipitation 0.48 






Chapter 5  Discussion 
The geographic distribution of species is driven by biotic and abiotic factors in the 
environment (Burrows, 1990).  It is these environmental conditions that set the limits to 
where a species can survive, reproduce and form viable populations, and this is captured 
by the niche concept (Hutchinson, 1957; Chase and Leibold, 2003). 
In this chapter, the influences and variations in average annual growth will be discussed; 
overviewing the climatic (section 5.1) patterns in local (section 5.2), and regional (section 
5.3), variations in annual growth.  Interrelationships between these factors (section 5.4), 
other influences (section 5.5), ranking the key influences upon annual growth (section 
5.6), limitations of the study (section 5.7), and recommendations for future research 
(section 5.8) are then provided. 
5.1 Climate as a driver of tree growth 
The geographic template of a landscape is founded upon the climate, determined in turn 
largely by the latitude of that part of the land surface, the amount of solar radiation 
received, offset by elevation, and affected by its proximity to large bodies of water 
(Adams, 2007; Lomolino et al., 2006).  New Zealand, with its high topographical 
heterogeneity consequently shows strong climatic gradients which in turn, influence the 
distribution of flora (Sturman and Tapper, 2006; Wardle, 1991).  It is climate gradients 
which determine patterns of growth for species, communities and ecosystems (Smithson 
et al., 2008).  There is no single index for “climate”, so the key factors of mean air 
temperature and total precipitation are used as proxies for this holistic term, which involve 
changes in energy and atmospheric motion, and is strongly affected by the topography. 
5.1.1  Altitudinal and latitudinal limits to tree growth 
Plant habitats are defined by environmental gradients derived from temperature and 
moisture (Burrows, 1990; Holden, 2008).  Tree growth is limited to those areas where a 
minimum summer temperature, accessible moisture and perhaps adequate root zone 
temperatures exist (Körner, 1998).  Absence of these factors prevents natural tree growth 
from occurring above the tree lines of Arctic Siberia and Canada, at an approximate 
latitude of 65°N (Adams, 2007).  Similar factors occur in the Southern Hemisphere, but 




not only at latitudinal but also at altitudinal limits, above which, temperature and moisture 
deficits prevent the growth of any but shrubby plants (Holden, 2008). 
In the lower South Island, the climate gradient between the much wetter conditions of the 
western side of the South Island, and the drier east coast, led to three questions about 
silver beech growth rates.  These focus on individual tree; local and regional variations 
in annual tree growth; and the identification and relative importance of the key climate 
factors behind these variations. 
5.1.2  Topographic and climate features of the study area 
The main divide dominates the climate of the South Island, modified by proximity to the 
coast (Leathwick, 1998) (Table 3.1, Figure 3.2).  Prevailing westerlies, modified by 
terrestrial geography to southerly and south-westerly directions, ensure that weather 
systems approaching New Zealand are moisture-laden, in turn ensuring high annual 
precipitation in the mountainous west, with spillover rainfall to the east of the main divide 
(Sturman and Tapper, 2006; Pickrill and Mitchell, 1979). 
On-shore winds exert some effect upon inland forests, containing moisture-laden air, 
changing in energy and momentum as they pass over the generally rising land surfaces, 
ensuring orographic precipitation inland.  However, ‘rain shadow’ affects inland areas 
too.  This restricts forests to the wetter areas, drier zones being covered by shrubby plants 
and at higher elevations, grasslands (Newsome, 1987) (Table 4.1, Figures 3.1 and 3.2). 
5.2 Local variation in tree growth 
This section discusses the variation in annual ring width within the tree (section 5.2.1) 
and within the plot (section 5.2.2). 
 
5.2.1 Within-tree variation in annual growth 
Tree stems do not grow uniformly around their full circumference (Norton et al., 1987; 
Speer, 2010; Thomas, 2000).  Consequently, increment cores taken from different sides 
of the same stem may differ in their patterns of annual growth, so major discrepancies in 
annual ring measurements between the cores taken from opposite sides of the stem were 
found (Figure 3.18).  Annual growth rings were not always distinct although the clarity 




was confirmed by the larger standard deviations derived from the core readings of lower 
elevations (Figures 4.2, 4.12(a) and Appendix H, Table H 1). 
 
The more “sensitive” ring series provided clearer readings for annual growth because the 
harsher growing conditions, showing the differences between growth rings, and the 
growth rings, more clearly.  This led to readings with smaller standard deviations (Figure 
4.2).  Trees growing in milder environments, tend to form “… complacent …” ring series 
(Norton, 1987; Stokes and Smiley, 1968 (p. 10)). 
 
Opposite sides of the tree trunk undergo different conditions of light, shade and other 
micro-environmental conditions (Speer, 2010; Thomas, 2000).  The series 
intercorrelation coefficients, generally low, increase slightly with elevation (Figure 4.6).  
There is also a reduction in the range of these values, and a lack of negative (inverse) 
correlation values at the higher elevations suggests that radial growth becomes more 
uniform and is positively correlated with elevation. 
 
Plot average growth diminishes over the 40 years as the reduced linear increment in ring 
width (annual growth) reduces with increasing age (Figure 4.9) (Fritts, 1976; Norton, 
1983; Thomas, 2000), although in volumetric terms, the timber volume laid down 
annually remains relatively constant (Figure 3.18).  This is reflected in the plot average 
growths (Figure 4.8(a), (b), and (c)).  Annual growth is actually not constant over time, 
because it is strongly influenced by seasonal variations in temperature and rainfall, as 
well as the need for the matching of nutrient uptake with flowering and seed production 
shown by beech during years of high seedfall (masting) (Monks and Kelly, 2006; Monks, 
2007; Thomas, 2000). 
Masting as a source of variation in annual ring growth has been explored by Norton and 
Kelly (1988), and its causes remain the source of debate as to whether it arises from 
resource matching, or from a need to satiate potential seed predators with a massive 
seedfall (Kelly, 1994).  In New Zealand, it leads to massive irruptions in the rodent and 
mustelid populations which impact severely upon New Zealand bats and avifauna (King 
and Moller, 1997).  Mast years vary across time and space, Canham et al., 2014), and are 
common to several species in New Zealand (Norton and Kelly, 1998; Schauber et al., 




and Kelly, 2006) and have been reported as happening in specified areas for 1979, 1986, 
1990, 1993, 1995, 1999, 2000, 2001, 2003, 2005 and 2009 (Murphy and Dowding, 1995; 
Monks and Kelly, 2006; Schauber et al., 2002; O’Donnell and Phillipson, 1996; 
Fitzgerald et al., 2004; Canham et al., 2014; Kelly, 1994; Sweetapple, 2003; Purdey et 
al., 2004; King and Moller, 1997; Dilks et al., 2003).  Troughs in the mean annual growth 
(Figure 4.8(a) to (c)) point to and often coincide with the reported mast years which are 
considered to be linked to cool temperatures two years earlier and warmer summer 
temperatures during the summer of the seedfall (Norton and Kelly, 1988). 
5.2.2 Within-plot variation in annual growth 
Within plots, variable ring growth is to be expected from localised differences in 
microclimate and microtopographical heterogeneity (Cullen et al., 2001a; Norton and 
Ogden, 1987; Stokes and Smiley, 1968) (Appendix C).  At lower elevations, such 
differences in annual growth are larger than at higher elevations (Figure 4.8).  Annual 
growth diminishes significantly with rising elevation (ibid.) (Figure 4.12(a)), and aspect 
plays a part, with increased growth found on south-facing aspects (Figure 4.12(b)).  An 
inference to be drawn from this is that growth is enhanced by wetter conditions (Wardle, 
1984).  Cullen et al., (2001a) found however, from sampling performed at the tree line, 
approximately 300 to 950 m a.s.l. above the elevations of the present study, that summer 
temperatures were the main influence upon climate and growth. 
The highest rate of annual growth was found in the lower plots, and lowest annual growth 
was found in the plot with the highest elevation (Table 4.1).  Variation in annual growth 
is significantly related to elevation (Figure 4.2), indicating that elevation not only 
influences annual growth, but with the more distinct growth rings, permits easier core 
reading.  In turn, this ensures smaller errors when the annual readings are compared 
(Stokes and Smiley, 1968). 
Plot coefficients of variation ranged from 0.13 to 0.43 (Figure 4.7(a)), and the trend line 
was inverse but not statistically significant.  When the plots were clustered into groups 
(Figure 4.7(b)), the trend lines were of no statistical significance, and only the trend line 
for the lowest elevation cluster was inverse.  The other two were slightly positive, 
suggesting greater variability with increasing elevation, contradicting earlier suggestions 





Another factor in observed variation in growth is that of “noise”, paralleling that known 
to students of electronics (Fritts, 1976).  Noise is variation in annual ring width arising, 
not from climate factors, but from other factors such as annual ring growth.  Techniques 
are available for removing the effects of ‘noise’, where ‘standardization’ is used to convert 
ring widths to indicial values (Norton and Ogden, 1987), but these were not used in this 
project.  Climatic factors are “signal”, and the presence, or effects of other disturbance 
factors manifest themselves as errors in core readings (Fritts 1976).  Enlarging the sample 
would have helped reduce the error arising from noise, while reinforcing the signal 
transmitted by annual variation driven by climate factors, when undertaking ring-width 
analysis (Norton, 1983; Norton and Ogden, 1987; Speer, 2010). 
 
5.3 Regional variation in annual growth and its climatic drivers 
Annual growth coefficients of variation ranged from 0.30 to 0.58 for the 40 years, and the 
trend line was not significant statistically, but variability showed an increase as the trees 
aged (Figure 4.9(b)). 
Considerable variation in annual growth was found when relating average growth to stem 
size (Figures 4.10(a), (b) and (c), and to the three elevation clusters (Figure 4.10(d), (e), 
and (f)).  Tree dbh was significantly correlated with annual growth for stems with dbh 
less than 400 mm (Figures 4.10 (a) and (b)), but for those over 400 mm, the correlation 
was not significant (Figure 4.10 (c)). 
The range of annual growths enlarged with the passage of time (Figure 4.10 (a), (b) and 
(c)) because of the accumulated influences which affect tree growth (Thomas, 2000).  
This range also increased slightly with the stem dbh. 
Possible reasons behind the observed trend of declining annual growth with age include 
the coring of younger trees, which exhibited higher growth rates than older ones; the 
possibility that the stands in which the trees were located were more open, promoting 
faster growth than later, when the canopy closed; a genuine trend for diminishing growth 
over the pasts 40 years; and the possibility of the cores becoming compressed during 
extraction, with the outer (more recent) growth rings being narrowed due to non-elastic 




growth was present, although to a lessening extent as dbh increased, throughout the 
sampling (Figure 4.10(a), (b) and (c)). 
There is a surprising similarity between Figure 4.10 (a) and (d), and (b) and (e), and even 
though the same stems were involved in the overall sample, different assortments of stems 
featured in each chart. 
Scott (1972), found difficulties when reading growth rings in three groups of Nothofagus 
solandri var cliffortioides (now Fuscospora cliffortioides), obtaining contradictory results 
as he attempted to derive growth responses to climate, pointing to similarly diffuse results 
experienced in the present project with F. menziesii. 
 
Annual growth is strongly influenced by elevation (Figure 4.11(a)), but when plot annual 
growth is compared in elevation zones (Figure 4.13), no statistically significant 
correlations were obtained.  However, the inverse trend lines for annual growth reduced 
in slope with elevation increases, suggesting a tolerance for the more highly leached, or 
at least wetter soils at higher elevations, a feature of silver beech growth (Wardle, 1984; 
Leathwick, 1998). 
 
5.3.1  Mean air temperature 
Relating the average growth to mean air temperature for the 40 year period provided a 
non-significant relationship and a slight downward trend at the lowest elevation cluster 
(Figure 4.14(a)).  Slight, but still non-significant upward trends were found for the two 
higher elevation clusters (Figure 4.14(b) and (c)).  Regression analysis involving MAT 
point towards only a slight influence upon annual growth (Figure 4.23, Table 4.4). 
 
The relationship between plot average growth and MAT is weak.  Peaks in annual growth 
lag behind those for MAT by between one to three years (Figure 4.14(a), (b) and (c)).  
This is more noticeable in Figure 4.14(c), with the most highly elevated plots. 
 
Another experiment, sited approximately 540 km to the north-east of the present study, 
temperature was found to be a key determinant in annual ring growth (Monks and Kelly, 
2006).  Absolute minimum monthly temperatures for the autumn months (March to May) 




fruiting, this being described as a lag 1 variable (Monks and Kelly, 2006).  They identified 
the autumnal absolute minimum monthly temperatures for the current year (lag 0), and 
the absolute minimum temperatures for two winter months (June and July) as key factors 
in the flowering and fruit development processes.  This contradicts the present study, 
where inferring precursor MAT conditions for mast years is unclear (Figure 4.17(a) to 
(c)). 
Average annual growth, when correlated with mean air temperature, is faintly, but not 
significantly correlated with plot MAT (Figure 4.15).  Leathwick (1995), discussing 
species distribution, finds that MAT is important, but goes on to find that the symbiosis 
of resource cycling facilitated by the presence of ectomycorrhizal fungi may contribute 
more than climatic aspects do, but this is in connection with species abundance, not 
annual growth.  This is reinforced by Leathwick, (1998), but Richardson et al., (2011), 
found in managed stands of L. menziesii, that competition from adjacent stems was a 
factor, annual growth being influenced by thinning, particularly in anthropic plantations. 
When annual growths were plotted against MAT for the three elevation clusters (n = 40), 
(Figure 4.16), only non-significant trends were found, slightly inverse at the lower 
elevations (0 to 175 m a.sl.) (Figure 4.16(a)), slightly positive for the mid-level elevations 
(176 to 350 m a.s.l.) (Figure 4.16(b)), and again only barely positive for those at the 
highest elevations (above 350 m a.s.l.) (Figure 4.16(c)).  It is possible that had minimum 
temperature been used instead of MAT, annual growth might have been better explained 
(Leathwick, 1995).  The trend line for sample study plots (n = 18) of average growth 
versus MAT was positive, but not significantly so (Figure 4.11(a)). 
Plot average growth was not significantly related to MAT (Figure 4.15(a)), nor was the 
variability of annual growth significantly related to MAT (Figure 4.15(b)).  Plot mean air 
temperatures are linked with elevation (Figure 4.11(a)), but not significantly.  However, 
the correlation of annual growth versus MAT, when plotted against MAT, is strongly 
inverse (Figure 4.20(a)), a result supported by Wardle (1984). 
5.3.2  Annual precipitation 
A climatic relationship that exerts a more direct influence on plot annual growth is that 
arising from total precipitation (Figure 4.17(a), (b), and (c)).  Annual growth curves with 




linear correlation between total precipitation and annual growth, and a trend line lacking 
statistical significance resulted when plot average growth variability was tested (Figure 
4.19(a)). 
 
Plotting annual average growths against precipitation with the plots grouped into clusters 
of low, mid and high elevations (0 to 175 m a.s.l., 176 to 350 m a.s.l., and above 350 m 
a.s.l.) (Figure 4.18(a), (b), and (c) respectively), provided positive trend lines for these 40 
year charts, but only that for the lowest elevation grouping was significant, at the 0.05 
level. 
 
The plot of the correlation value for average growth versus PPT, when plotted against 
PPT, provided a slightly inverse trend line (Figure 4.20(b)).  Such a results is supported 
by the findings of Scott (1972), who found mixed positive and negative correlations in 
connection with precipitation and moisture surplus of climate responses.  (His study was 
with N. solandri, at elevations of over 1100 m a.s.l.).  In the present study, the range of 
correlation values was wider for lower precipitations, the scatter of the data points 
reducing as the precipitation increased (Figure 4.20(b)) but there is only a small number 
of data points with more than 3,000 mm of annual rainfall.  Leathwick (1995) considered 
the occurrence of L. Menziesii to be less likely on very wet sites, differs with Wardle 
(1984), and less specifically, Poole (1987), both of the latter finding that this species is 
often found on wetter sites. 
 
Stewart and Rose (1990) argue the need for recognising the part which environmental 
gradients play in plant competition, but the linkage of PPT with annual growth appears 
to be stronger, not from locational, but from elevation factors.  The increase in total 
precipitation with elevation is marked (Figure 4.11(b)), indicating a strong relationship.  
Troughs in annual growth often coincide, or lag one to two years behind PPT troughs, 
similar to the varying coincidence with peak growth (Figure 4.17(a), (b) and (c)).  These 
lags became more consistent as the plot elevation increased. 
 
Plot average growth versus total precipitation was slightly inverse (Figure 4.19(a)), while 
that for the 40 year period for three elevation groupings (Figure 4.18) was slightly 




This is supported by the regression analysis, which shows that precipitation contributes 
slightly to annual growth (Table 4.4).  So elevation plays a major part in annual growth, 
this point being supported by the regressions (Figure 4.23, Table 4.4). 
 
5.4 Climate correlates of annual growth 
Beech exist along environmental gradients, with mountain and silver beech (Fuscospora 
cliffortioides and Lophozonia menziesii respectively) generally better able to withstand 
the harsher climate conditions found at increased elevations (Sturman and Tapper, 2006; 
Wardle, 1984).  A sequence of declining species number with elevation gain was found 
for woody species by Ohlemüller and Wilson, (2000).  However, this was not supported 
by Wardle (1984), who found an increasing abundance of beech along environmental 
gradients which departed from the optimum.  He was referring to difficult sites 
increasingly dominated by silver and mountain beech at higher elevations. 
Plots, all affected by the interactions of climate and topography, show a statistically 
significant inverse linear correlation for annual growth versus elevation (Figure 4.12(a)).  
However, Figure 4.13 reveals changing trends for average growth, from strongly inverse 
to weakly inverse, with plot elevation increases.  When the most elevated plot (plot 16), 
is omitted from this comparison, the Pearson product moment correlation value drops to 
become not statistically significant.  This suggests that plot 16 is an outlier, but its annual 
growth, although low, is well within two standard deviations of the sample mean 
(Appendix H, Table H 1).  The difference in elevation (the independent variable) of nearly 
280 m from the next highest plot, does not constitute grounds for arbitrarily deleting a 
data point because it might be an outlier (Harraway, 1993; Rogerson, 2006). 
5.4.1  Mean air temperature 
Temperature, influenced by elevation (Figure 4.11(a)), was tested for its influence on 
average growth by splitting the plot elevations into three clusters; low (0 to 175 m a.s.l.), 
mid (176 to 350 m a.s.l.), and high (above 350 m a.s.l.) (Figure 4.16(a), (b), and (c)).  
None of the correlation coefficients between annual growth and elevation were of 
significance, even at elevations above 350 m a.s.l. (Figure 4.16(c)).  These were in 




Plot annual growths trended generally downward, as is to be expected for plant growth 
(Thomas, 2000), but the peaks and troughs only occasionally coincided directly (Figure 
4.14(a), (b) and (c)) (Smale et al., 2012).  Pointer years, where annual rings differ 
obviously from those of preceding and subsequent years, are indicators of events which 
have influenced tree growth, but are not necessarily caused by climate factors 
(Schweingruber, 1990).  It is possible that examples of these are to be found in the peak 
growth values for 1980 and 1995 (Figure 4.14(a), plot 5, and 1982, Figure 4.14(a) plot 3, 
for example).  The switching of resources from annual growth into flowering and seeding 
was found in F. truncata (Monks and Kelly, 2006) and it is likely that a similar pattern is 
to be found in L. menziesii (Ogden, 1989). 
 
5.4.2  Annual precipitation 
A climate gradient for precipitation exists across the South Island (Figure 3.1).  Increased 
precipitation is known to increase species diversity, but beyond the number of plant 
species found in different rainfall bands, the climatic gradient of rainfall has attracted 
little attention (Sturman and Tapper, 2006; Wardle, 1984). 
Each plot was examined for patterns of relationship between annual growth and PPT 
(Figure 4.17(a), (b) and (c)).  None were apparent from these plots, but from the 40 year 
annual averages, a positive relationship was obtained, significant at the 0.05 level, for the 
averages at the lowest elevations (0 to 175 m a.s.l.) (Figure 4.18(a)).  The averages at the 
two higher elevations were not statistically significant (Figure 4.18(b) and (c)).  This 
result is supported by Cullen et al., (2001a), where precipitation was not found to cause 
or lead to a response in radial growth.  They concluded that disturbance at the tree line 
may mask short-term (past 50 year) growth variation. 
 
Evidence of a relationship between the climate variable of total precipitation and average 
growth found some pattern regularities (Figure 4.17(a), (b), and (c)).  In contrast to a lack 
of observable inter-relationship with MAT, at even low elevations, two-year lags between 
PPT and an annual growth peaks were found (Figure 4.17(a)).  At the intermediate 
elevations (Figure 4.17(b), some annual growth peaks coincided with peaks in PPT one 
to two years earlier but for others, a four to five year lag between peaks in PPT and in 




annual growth of one to two years became apparent (Figure 4.17(c)).  However, for plots 
14, 16 and 17, peaks in annual growth did not lag in a consistent manner behind PPT, 
surprising because plot 16, the highest, was thought to be the plot most likely to indicate 
sensitivity to climate conditions in the annual formation of growth rings (Fritts, 1976; 
Norton and Ogden, 1987).  However, a periodicity of between one and five years between 
peaks, and from trough to trough, suggests a linkage with masting (Monks and Kelly, 
2006). 
 
Peaks in PPT sometimes occurred a year before a peak in the average annual tree growth, 
(Figure 4.17(c)).  The appearance of annual ring patterns differing from those of 
preceding and later years are possible indicators of precursor events which influence tree 
growth, such as masting (Monks and Kelly, 2006; Schweingruber, 1990). 
 
5.5 Other influences on annual tree growth 
Other factors influencing annual growth include an ability to survive stressful climatic 
and biotic conditions such as winter minimum temperatures, mean annual solar radiation, 
evapotranspiration, symbiosis with ectomycorrhizae, masting, the size of neighbouring 
trees and the density of stems (Leathwick, 1995; Leathwick, 1998; Monks and Kelly, 
2006; Richardson et al., 2011; Stewart and Rose, 1990; Thomas, 2000).  However, both 
Leathwick (1995) and (1998) focus on species distribution, not growth rate, arguing that 
lithology and soil conditions contributes more to this (for Nothofagaceae) than do climate 
factors.  Leathwick (1998) observes that, 
“… four Nothofagus species reach their greatest abundance in environments 
suboptimal for tree growth …” (p. 725). 
This suggests an inverse relationship between solar radiation and the occurrence of 
Nothofagaceae, while noting that soil water deficits and low atmospheric humidity are 
tolerated by this family. 
Many tree species, including New Zealand beech, show masting characteristics, when 
intermittent peaks in seed production may be determined by the availability of resources 
(Poole, 1987; Smale et al., 2012; Thomas, 2000).  The periodicity of masting, also thought 
to be triggered by the change in mean summer temperatures over the two preceding years, 




require sufficient food resources within the tree for the flowering and later seed formation.  
During a mast year, when combinations of climate conditions some two years earlier 
trigger a massive production of seed, radial stem growth is inhibited or may even not take 
place at all (Thomas, 2000; Monks and Kelly, 2006). 
Cycles of growth suppression and release, appearing as long-term trends in annual 
growth, were inferred from annual ring increments (Monks and Kelly, 2006).  They 
derived a statistically significant inverse relationship between seedfall and radial growth, 
showing that within-tree resources are diverted from radial growth to seed formation.  
This was found to be sustained across an elevation gradient for N. solandri var. 
cliffortiodes, (now F. cliffortioides) (Richardson et al, 2005).  The formation of rings 
which differ markedly from those which preceded them are attributable to ecological 
factors which affect tree growth, but it was not possible to limit the cause of pointer years 
solely to climatic conditions (Schweingruber, 1990). 
The possibility of the annual radial growth increment relating to other aspects of whole-
plant growth, such as leaf traits and timber density, was explored by Richardson et al., 
(2013).  They found only limited evidence of such linkages, with a weak relationship 
found between leaf dry matter content and leaf density, and with wood density, supporting 
the finding that these are in fact, “…largely uncoupled…” (p. 6), finding that variation in 
wood density was more reflective of interannual (longer term) variation in tree growth 
rate, while leaf variations are of shorter-term nature. 
Topographic factors against which average annual growth was compared, show that none 
of the linear correlations were statistically different from zero (Figure 4.12(b) and (c)).  
However, a statistically significant inverse curvilinear correlation, the curve peaking at 
approximately 180°, supports the finding that silver beech exhibits a preference for shady 
sites (Figure 4.12(b)) (Wardle, 1984). 
 
5.5.1  Competition from neighbouring trees 
Next to conditions in the physical environment, there are a range of biotic factors which 
affect the performance of a species.  In forests, the density and size of the neighbouring 
tree can have a substantial influence on the growth of a target tree (Leathwick and Austin, 




neighbouring trees to investigate the relationship between annual growth and competition 
(Table 4.1, Appendix D). 
Woody biomass showed no statistically significant relationships when this was evaluated 
against topographic factors (Figure 4.21(a) to (e)).  Grouping the 18 plots into three 
elevation clusters and plotting average growth against woody biomass also showed no 
statistically significant correlations (Figure 4.22).  The trend lines for the low and mid-
elevated plots were inverse, in that they showed diminishing average growth versus 
increasing woody biomass trends, while the most highly elevated plots trended slightly 
positively.  The positive change in slopes with increasing elevation suggest increased 
biomass with elevation, as in Figure 4.21(a). 
Changes in beech forest abundance along environmental gradients suggest that biomass 
is greater at the lower elevations than at higher ones, with beech forest assuming a larger 
component of the total biomass with increasing elevation (Wardle, 1984).  However, 
decline in woody biomass at plots below 176 m a.s.l. contradicts this finding.  Woody 
biomass is linked with stem density (Hare, 1984).  The shade-tolerance of silver beech 
promotes high stem densities in the smaller size classes under plantation conditions 
(Richardson et al., 2011).  Such silvicultural occurrences are not found in natural stands, 
where stand densities range from more than 10,000 per ha following regeneration after 
fire or wind disturbance, to as low as 200 stems/ha for mature trees (d.b.h. ≥ 240 mm), as 
a result of disturbances (MoF and NZFFA, 1998).  Stem basal area (total stem cross-
sectional area in m2/ha), used with tree stand height and stem form factors, is used as an 
estimator of wood volume, increasing with elevation.  It also increases with high 
precipitation.  The shade-tolerance of silver beech suggests that gaps of less than 400 m2 
favour silver beech growth (Ministry for Primary Industries, 2013; Wardle, 1984). 
Competition from neighbouring trees has little effect upon growth rates (Figure 4.21(a) 
to (e)), where no significant linear correlation was found for woody biomass, when plotted 
against the topographic and climate factors mentioned before.  Competition from 
neighbouring trees of d.b.h. ≥ 200 appears to have no effect upon annual growth 
increment, contrary to expectations (Leathwick and Austin, 2001; Wardle, 1984).  As 
woody biomass increases, the scatter of the data points reduces, suggesting that as growth 




decreasing stem numbers, the woody biomass increases slightly as the annual growth 
increment increases.  It is possible that canopy effects play a part here, although woody 
biomass was derived from d.b.h., much closer to ground level.  Plant growth depends 
upon the ability of plants to absorb nutrient from the soil, and convert it into biomass, for 
which light exposure is also an essential factor.  Annual growth is known to be neither 
regular, nor necessarily an annual event (Fritts, 1976; Thomas, 2000; Norton 1986; Allen 
et al., 2012). 
 
5.5.2  Forest disturbances 
The difficulty encountered at some plots, where trees of the sizes sought for the present 
study were absent, suggested a gap in the forest demography for L. menziesii.  Forest 
events known collectively as disturbances may provide an explanation for the distribution 
of stem size within a beech forest (Appendix G) (Wardle, 1984; Veblen et al. 1996; Perry 
et al., 2012). 
 
Forest disturbance occurs at the individual tree level, when a tree dies or falls because of 
wind throw, environmental deficiency or an excess (Thomas, 2000).  When more than 
one tree dies, the cause is obviously more widespread.  One likely trigger is large-scale 
insect attack following extensive snow damage, leaving trees susceptible to insect attack 
which eventually becomes fatal to the trees.  This characteristic, known as “synchronous 
die-back”, impacts single-age forests such as mature New Zealand beeches (Wardle, 
1984) (p. 147).  Large stands of beech are vulnerable to simultaneous death and collapse 
from such causes, leading to the creation of an even-age cohort as sharply increased 
ambient lighting triggers seed germination and growth on bare ground surfaces 
(Appendix G) (Leathwick, 1998; Poole, 1987; Veblen et al., 1996; Wardle, 1984). 
5.6 Ranking the key influences upon annual growth 
Environmental factors which contribute to fluctuations in annual growth rate include low 
temperatures, cold soils, low levels of soil oxygen (arising from low, and high soil 
moisture levels) and the absence or presence of mycorrhizal fungi (Fritts, 1976; 
Leathwick 1998).  The inter-relationship of these factors leads to variations in annual 
growth, as well as trauma arising from animal, snow or avalanche damage.  He found 
temperature to be the key factor in radial tree growth, a finding supported by those of 





Regression analyses rank the causal factors in tree growth (Table 4.4).  A linear stepwise 
regression model identified three key factors, elevation, aspect and woody biomass as the 
variables contributing the greatest amount to growth.  A model featuring six predictor 
values, identified in descending order of importance as contributors to tree growth, were 
elevation, total precipitation, mean air temperature, woody biomass, aspect and slope.  
Second power regressions were found, in descending sequence, to be elevation, woody 
biomass, PPT, aspect, MAT and slope.  Third order polynomial regressions were aspect, 
followed by elevation, woody biomass, PPT, MAT and slope, again in descending order 
of importance (Figure 4.23). 
 
Temperature gradient, whether caused by change in elevation, or by change in horizontal 
location, is known to affect plant growth (Adams, 2007).  Across the lower South Island, 
temperature is affected by elevation, and with non-uniform plot elevations, temperature 
changes occur not only from changes in elevation, but also differences in plot location 
(Tables 3.1, 4.1 and Figure 3.2).  Each plot was examined for patterns of relationship 
between annual growth and MAT obtained from virtual climate stations (VCS) (Figure 
4.14(a) to (c)).  Across the plots, comparisons of average annual growth with MAT in 
various modes (Figures 4.14(a) to (c), 4.15(a) and (b), and 4.16(a) to (c)) showed no 
statistically significant relationships.  The patterns between the average annual growth 
and the climate variable of mean air temperature are difficult to discern when examining, 
plot by plot, the results (Figure 4.14(a) to (c)).  Even when compared between elevation 
clusters over a 40 year period (Figure 4.16 (a) to (c)), no statistically significant 
correlation between average growth and MAT could be found. 
 
5.7 Limitations of the present study 
Data from more plots would have ensured that core samples from plots in, for example, 
lower rainfall areas, and from areas of higher elevation (both situations tend to create 
more sensitive annual ring growth).  Locations where such stands of L. menziesii are to 
be found include the Old Man Range, the Hunter Valley, Dingle Burn, upper Ahuriri 
Valley, the Huxley and Hopkins Valleys, and very small patches near the east coast, all 




Discrepancies between the two readers gave rise to concerns which were addressed by 
statistical analyses.  These discrepancies arose from differences of perception as well as 
of experience, where alignment of the reticule with the latewood differed slightly from 
reading to reading. 
Forest fires for both the pre- and post-human (post-Polynesian and post-European) arrival 
periods are recorded in charcoal deposits but it is not always possible to distinguish 
between those of pre- and post-human fires.  It is believed that none of the sites at which 
plots were located have been burned during the past century (Ogden et al., 1998). 
Virtual Climate Station data, derived from interpolated information of climate stations in 
the surrounding area, was used for coverage of the study plots.  Dependence upon such 
interpolated data may be seen as a weakness but it was one for which there was no viable 
alternative. 
5.8 Recommendations for further research 
The use of more sample plots, thereby increasing the number of paired cores, would 
strengthen the statistical basis for the research.  Obtaining these from plots nearer the 
upper forest edge would clarify interpretations of annual growth because of the generation 
of more sensitive ring series in trees growing at these limits to their niche.  However, the 
upper forest margins effectively lower towards the east of the South Island, perhaps 
because of anthropic burning, particularly in the Waikaia, Blue Mountains, Waipori, 
Woodside Glen and Silverpeaks areas. 
The sampling of anthropically planted trees might aid the sampling because in eastern 
areas, many trees are recorded in inventories of indigenous trees, particularly where 
stands of non-anthropic L. menziesii are rare.  The selection of a species with a wider 
distribution than L. menziesii would enhance the data collection, ensuring more paired 
cores could be obtained.  Another species of beech, Fuscospora cliffortiodes, slightly 
more widespread below the 44th parallel, would enable the gathering of more samples 
within allocated field times, although the possibility of confusing some stems with those 
of F. solandri might well complicate the field work. 
The use of more climate data such as winter and summer temperatures, humidity, and soil 




analysis of soils collected from each plot would increase understanding of the factors 





Chapter 6 – Conclusions 
Knowledge of the environmental factors that determine the geographic ranges of species 
is relevant for our understanding of current biodiversity patterns.  This knowledge also 
equips us for discerning changes in these patterns as environmental conditions alter.  The 
geographic distribution of a species (its range) is determined by abiotic and biotic 
environmental conditions.  Within its range, the populations of a species will experience 
a range of conditions from low to high suitability.  This gradient of environmental 
suitability across a species range has been well documented, but its effect on the 
performance of the species across its range is not well described.  This study addresses 
this gap in knowledge for one of New Zealand’s key tree species, silver beech 
(Lophozonia menziesii) and investigates variation in vegetative growth across its 
geographic and climatic range across the lower South Island over the last 40 years. 
Considerable within-tree and within plot variation in annual tree growth was found across 
the study area.  The expectation was that with increasing elevation, the harsher 
environmental conditions would result in lower variability in annual growth within plots.  
No such trend of decreasing within-plot variability with increasing elevation was found, 
indicating that local factors driving variability in tree growth at the plot level such as the 
microtopographical heterogeneity found in this study (Appendix C) have a stronger 
influence than regional environmental conditions. 
 
Between-plot variation in annual growth across the range of the species, was greatly 
influenced by elevation, with a significant negative relationship between annual growth 
and elevation.  This negative relationship showed an interesting change in strength along 
an elevational gradient, showing that at higher elevations (> 350 m a.s.l.), an increase in 
elevation did not affect growth as much as at lower elevations.  Noticeable plot annual 
growth increases were found in warmer areas, and growth was less in cooler areas, but 
these were not statistically significant.  Plot annual time series correlations between 
annual growth and annual climate data showed an inverse relationship between growth 






At plot level, coincidence of lagged peaks in precipitation with annual growth were 
noticeable, as were similar lags for troughs.  The approximate one to five year periodicity 
of these peaks and troughs suggests a coincidence with masting.  Noticeable annual 
growth increases were found in warmer areas, and growth reduced in drier areas at plot 
level.  Neither of these changes were statistically significant.  There was a clear 
relationship between annual growth and plot aspect, where annual growth was higher on 
south-facing slopes, but changes in ground slope had little effect. 
 
There was a temporal trend for annual growth decreasing over the study period (1974 to 
2013) across the study region.  This trend was strongest at plots with low elevation and 
smaller trees, but was not apparent for high elevation plots and larger trees.  Over the 40 
year study period, air temperature increased slightly, but average growth for the study 
period was not significantly linked with mean air temperature overall or within any of the 
three elevation clusters.  This may be linked with diminishing precipitation, which, at 
lower elevations, was significantly linked to average growth, but which, at higher 
elevations, was not. 
 
The effect of competition from neighbouring trees on annual growth of the target trees 
changed with elevation.  At low elevations there was a negative relationship between 
woody biomass (the measure of competition used) and annual growth, indicating that 
neighbouring trees tended to reduce annual growth, but at higher elevations, in the harsher 
climates, high overall biomass is reflected in higher overall annual growth. 
Silver beech was in important and widespread species in New Zealand’s pre-human forest 
cover.  The lower South Island would have been largely beech forest-covered, 
interspersed with stands of podocarp, particularly towards the coastal south east, with 
major clear and scrubby areas inland.  This study has shown that in terms of secondary 
growth (wood) this species clearly does better at lower than at higher elevations.  At the 
same time, however, the negative effect of competition from neighbouring trees on silver 
beech growth is stronger at lower elevation than at higher elevations.  These insights can 
help to better understand past and potential future distributions of silver beech in New 
Zealand.  This study also improves our understanding of climatic vs non-climatic drivers 
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Appendix A  Glossary 
 
Altitude: Height above sea level, (a.s.l.). 
Angiosperm: The flowering seed plants, as differentiated from 
gymnosperms, which are the nonflowering seed plants 
(Poole and Adams, 1963). 
Annual ring: In wood, the growth layer formed during a single year, 
see also growth layer (Raven et al., 2005)(p. G-2). 
Autocorrelation coefficient: a statistic describing the serial dependence or association 
in a time series with previous conditions or states.  See 
series intercorrelation (Speer, 2010). 
Chronology: An average time series of ring-width measurements from 
several trees. 
Climate: The integrated weather experienced by a site or region for 
many years (Sturman and Tapper, 2006)(p. 508). 
Clade: One evolutionary line of organisms (Raven et al., 
2005)(p. G-5). 
Cline: A graded series of changes in some characteristics within 
a species, often correlated with a gradual change in 
climate or other geographical factor (op. cit.). 
Crossdating: The matching of variable ring-width time series between 
different trees (Fritts, 1976). 
Dendrochronology:  The study of tree-ring chronologies (op. cit.). 
Disturbance: Any process that results in the opening of the forest 
canopy or in an extension of pre-existing openings. 
Dry Adiabatic Lapse Rate: DALR, the rate of change of dry air temperature, per unit 
increase in altitude (Holden, 2008). 
Earlywood: The wood produced in the annual ring during the early 
part of the growing season, characterized by large thin-
walled cells.  Earlywood is more porous than latewood 
(q.v.) and often lighter in color (Fritts, 1976)(p. 535). 
Ecological niche: A set of environmental conditions which provides a 
species with the energy and habitat which enable it to 
reproduce and colonize (Mayhew, 2009)(p. 349). 
Elevation: Ground level height above sea level. 
Environmental space: A space in which a species could survive (in the absence 
of other species) (Chase and Leibold, 2003). 
Expedition: Field trip, for the present study, made to obtain samples and 
observations from sample study plots (q.v.).  Some 
expeditions resulted in visits to more than one plot. 
False ring: A change in cell structure within an annual growth layer 
which resembles the boundary of a true annual ring, 




of one.  Also referred to as intra-annual growth band. 
(Fritts, 1976)(p. 536). 
Fundamental niche: An environmental space in which a species could survive 
(in the absence of other species).  Also known as 
environmental space Lomolino et al., 2010). 
Growth layer: A layer of growth in the secondary xylem or secondary 
phloem; see also annual ring (Raven et al., 2005)(p. G-
10). 
Growth Ring: A growth layer in the secondary xylem or secondary 
phloem, as seen in transverse section; may be called a 
growth increment, especially where seen in other than 
transverse section (op. cit.). 
Intra-annual growth band: False ring (q.v.) (Fritts, 1976)(p. 536). 
Lag-one correlation: Correlation of a time series with itself lagged one 
observation backwards (Speer, 2010). 
Lapse rate: The rate of change of air temperature per unit increase in 
altitude (Oke, 1987). 
Latewood: The dense and often dark wood produced in the annual 
ring during the later part of the growing season, 
characterized by small, thick-walled cells….Cf earlywood 
(Fritts, 1976)(p. 538). 
Lobate growth: Eccentric tree growth often associated with reaction 
wood, e.g., in the formation of buttresses (Wardle, 1984). 
Locally absent rings: Where a growth ring has only formed around a portion of 
the circumference of the stem.  Also referred to as partial 
or missing ring (Fritts, 1976)(p. 538). 
Mean sensitivity: A measure of the year to year variation in ring width 
(similar to standard deviation) (Speer, 2010)(p. 107). 
Niche: The role played by a particular species in its ecosystem 
(Raven et al., 2005). 
Niche conservatism: The tendency of species to retain ancestral traits over 
time. 
Niche evolution: The ability of a species to change ancestral traits under 
changing environmental conditions. 
Niche space of species: Also known as species niche, or realised niche, where a 
species exists, with competing species. 
Plot: Where at least two Lophozonia menziesii trees of straight 
and vertical growth form, and of diameter at breast height 
(dbh) between 280 and 320 mm, are found.  Also referred 
to as a sample study plot. 
Reaction wood: Anomalous cells formed in the xylem of leaning stems 
and lateral branches, often associated with an eccentric 




upper side of the lean and is referred to as tension wood. 
(Fritts, 1976) (pp. 541, 542). 
Realised niche: The conditions under which a species exists in the 
presence of interacting species (Lomolino et al., 2010). 
Ring wedging: Where a single growth ring or a group of growth rings 
becomes locally absent (Norton et al., 1987). 
Sample study plot Site, for the present study, at which at least three 
Lophozonia menziesii trees of straight and vertical growth 
form, and of diameter at breast height (dbh) between 280 
and 320 mm, are found.  Also referred to as a sample plot, 
or as a plot. 
Series intercorrelation: The correlation between successive values in a time series 
(autocorrelation) or lagged correlation between two time 
series (Speer, 2010). 
Speciation: The origin of new species in evolution (Raven et al., 
2005)(p. G-22). 
Study area: The study area for the present project, being the lower 
South Island below the 44th parallel of latitude. 
Tension wood: The reaction wood of angiosperms; develops on the upper 
side of leaning trunks and limbs (Fritts, 1976). 
Tracheid: An elongated, conducting cell of xylem which physically 
supports the plant structure as well as conducting water 
(Isaacs et al., 1999). 
Woody biomass A proxy value for the ligneous volume of trees of dbh ≥ 
200 mm within sample study plots, obtained by 
calculating the cross sectional area of all stems and 






Appendix B  Plot location maps 
 




























































































Appendix C  Plot photographs 
Plot 1, Woodside Glen 1 
 
Plot 1: (Clockwise from lower left), view uphill from centre on bearing 24° true; view 
along contour towards 114° true; downhill, towards 204° true; along contour towards 




















Plot 2, Woodside Glen 2 
 
 
Plot 2: (Clockwise from lower left), view uphill from centre on bearing 0° true; view 
along contour towards 120° true; downhill, towards 210° true; along contour towards 




























Plot 3: (Clockwise from lower left), view uphill from centre on bearing 315° true; view 
along contour towards 45° true; downhill, towards 135° true; along contour towards 





Plot 4, Blue Mountains Black Gully 
 
 
Plot 4: (Clockwise from lower left), view uphill from centre towards 355° true; view 
along contour towards 85° true; downhill towards 175° true; along contour towards 






Plot 5, Blackcleugh 
 
 
Plot 5: (Clockwise from lower left), view uphill towards centre on bearing 255° true; 
view along contour towards centre on bearing 165° true; downhill towards centre on 
bearing 75° true; along contour towards centre on bearing 345° true; and vertically 





Plot 6, Painted Forest 
 
     
 
Plot 6: (Clockwise from lower left), view uphill from centre on bearing 210° true; view 
along contour towards 300° true; downhill, towards 30° true; along contour towards 





Plot 7, Table Hill 1 
 
 
Plot 7: (Clockwise from lower left), view from centre on bearing 0° true; view towards 





Plot 8, Table Hill 2 
 
 
Plot 8: (Clockwise from lower left), views from centre on bearing 0° true; towards 90° 









Plot 9: (Clockwise from lower left), view uphill towards centre on bearing 0° true; view 
along contour towards centre, 75° true; downhill, from top edge, towards 180° true; 









Plot 10: (Clockwise from lower left), view uphill towards centre from bottom edge of 
plot on bearing 53° true; view along contour towards centre on bearing 195° true; 
downhill from top edge of plot towards centre on bearing of 290° true; along contour 









Plot 11: (Clockwise from lower left), view upslope towards centre on approximate 
bearing 200°; view along contour towards centre facing downstream, 110° true; 
downslope towards centre along 20° true; along contour generally towards 290° true; 





Plot 12, Falls 2 
 
 
Plot 12: (Clockwise from lower left), view upslope towards centre on bearing 120° true; 
view parallel to downriver towards plot centre 210° true; downhill, towards plot centre 











Plot 13: (Clockwise from lower left), view upslope towards centre of plot on bearing 
160° true; view from east edge of plot towards centre along 250° true; view downslope 
towards centre towards 340° true; from western edge of plot towards centre along 70° 









Plot 14: (Clockwise from lower left), view upslope towards centre on approximate 
bearing 210° true; from eastern edge of plot towards centre approximately 300° true; 
downslope towards centre approximately 33° true; western edge of plot towards centre 





Plot 15, Gunns Camp 
 
   
  
Plot 15: (Clockwise from lower left), view uphill from bottom of plot towards centre 
along bearing approximately 60° true; view along contour towards centre approximately 
150° true; downhill towards centre approximately 240° true; along contour towards 









Plot 16: (Clockwise from lower left), view uphill from centre on bearing 50° true; view 
along contour towards 120° true; downhill, towards 320° true; along contour towards 















Plot 17: (Clockwise from lower left), general view of L. menziesii stand (encircled in 
centre of frame); view uphill from centre on approximate bearing 280° true ; view along 
contour towards approximately 340° true; downhill, towards approximately 130° true; 






Appendix D Woody biomass bubble diagrams by plot 
The bubbles, representing cross sections of tree stems of dbh ≥200 mm, are shown in 


























































Field reference sheet 
1. Global measurements converted to linear distances 










































2. 20 metre x 20 metre survey plot 
Within 10 metre by 10 metre quadrat distances, using clenched fist (without thumb) to 
estimate 9˚ angles: slope distance          0 m       10.1 m   10.5 m    11.3 m  12.4 m    14.1 m 
0˚  10.0 metres 
9˚ 10.1 metres 
18˚ 10.5 metres 
27˚ 11.3 metres 
36˚ 12.4 metres 
45˚ 14.1 metres 
 
    Origin (centre)    10.0 metres 
3. Magnetic declination for Otago 2015 
 
 
4. Measured circumferences for threshold diameters 
We are cataloguing all stems of diameter (φ) 200 mm and above -> circumference of 628 mm 
or more. 
Core boring is undertaken on stems measuring:  φ 280 mm (circumference 880 mm) to 
φ 300 mm (circumference 942 mm) to  









Appendix F  Dendrochronology notes and FAQs 
 Topic Reference(s) Page(s) 
1 Tree sample selection   
 
If possible, sample from below first 
branches and on side-slope, not uphill- 
or downhill-facing aspects of tree stem 
Stokes and Smiley 
(1968) p. 31 
 
On sloping habitats, cores should be 
taken parallel to the contour to avoid 
reaction wood affecting annual ring size Speer (2010) p. 78 
 
Avoid coring in trees found in small 
forest fragments Norton (1998) p. 4 
 
Avoid trees growing in dense stands 
because competition may modify 
growth pattern 
Stokes and Smiley 
(1968) p. 31 
    
2 Location of coring   
 
Usually at breast height (dbh), 1.3 - 1.4 
m above ground level (a.g.l.) 
Norton (1998), 
Speer (2010, 
Stokes and Smiley 
(1968) 
p. 1, p. 78, p. 
31 
 As close to ground level as possible 
Grissino-Mayer 
(2003) p. 68 
 Angle core holes slightly upward Norton (1998) p. 5 
    
3 Impacts on tree from coring   
 
Staining and rot are possible, but living 
trees have natural defences against such 
incursions Speer (2010) 
pp. 77, 155, 
156 
 
"Compartmentalising" helps minimise 





p. 4; p. 74; p. 
77 
 Timber staining a likely outcome Maeglin (1979) p. 13 






p. 5; pp. 31, 
34; p. 65; pp. 
83-87; pp. 1,2 
 
Coring during growing season is 
preferred especially for hardwoods as 
wounds are "more readily 
compartmentalized" 
Grissino-Mayer 
(2003) p. 77 
    
    
    
    




 Topic Reference(s) Page(s) 
4 Disinfection before boring?   
 Not if chemical analysis is planned 
Grissino-Mayer 
(2003) p. 68 
 
Only for pathological studies - 
"Citracidal" mentioned 
Grissino-Mayer 
(2003) p. 68 
 
Tricholoroethane mentioned as solvent 
and sterilent Maeglin (1979) p. 12 
    
5 Plugging coring holes?   
 
Consensus is don't bother, may cause 






p. 77, p. 13, 
p. 3, pp. 155, 
156 
    
6 Lubrication and cleaning of borer   
 
WD-40 recommended for internal and 






p. 68, pp. 83, 
84, p. 2 
 Beeswax RMTRR (2013) p. 2 
 Mineral spirits, kerosine Maeglin (1979) p. 3 
    
7 Care of core samples   
 Allow 24 hrs for drying Speer (2010) p. 88 
 Split straws to promote drying Speer (2010) p. 78 
 
Don't forget to orientate with grain 
vertical when nested in core board Speer (2010) p. 88-91 
    






Appendix G  Forest disturbances 
Forest disturbances are classified into two broad groups, both of them impacting over 
large areas, one having the capability of destroying the forest seed resource (so preventing 
regeneration), the other being less destructive by allowing retention of the seed resource 
(Wardle, 1984).  The relevance of these lies in the pattern of forest regeneration, the 
results of which affected the stem selection and subsequent data collection requirements 
for the present study.  In this context, Veblen et al., (1996) consider forest disturbances 
to be a continuum, ranging from sporadic tree-fall, to the widespread forest destruction 
resulting from major landslides, earthquakes, wind events, fires and vulcanism.  A simpler 
distinction, one not devoid of overlapping impacts, is the use of the terms abiotic and 
biotic (Appendix A). 
Abiotic forest disturbances 
The tendency of beech forests to form even-aged stands points to forest recovery 
processes which impact on the age distributions of these trees (Stewart and Rose, 1990; 
Wardle, 1984).  Earthquakes capable of damaging buildings (equated with a capacity for 
inflicting structural damage to trees) have a return period of less than 200 years over much 
of New Zealand.  Earthquakes often trigger major landslides and mass movement of 
slopes and platforms on which beech stands have formed (Leathwick, 1995).  Silver 
beech, with a natural rotation (generation) of the order of 300 to 600 years, will likely 
experience at least one such earthquake during its lifetime (Veblen et al., (1996). 
Wind throw is considered to occur more frequently than earthquake damage, on small as 
well as large scales (Stewart and Rose, 1990; Wardle, 1984; Veblen et al., 1996).  These 
events are important triggers for regeneration because the churning rising from root-disk 
upheaval exposes clays on which beech seeds quickly establish (Wardle, 1984).  Because 
of the tendency for L. menziesii to grow in shallow soils favouring the development of an 
interlocking root plate system with neighbouring trees, wind throw is likely to be more 
severe after periods of heavy rain, and particularly on lee slopes where tree stem sizes are 
likely to be larger and stem densities are lower, than on adjacent slopes where the 
prevailing winds are likely to affect the stand more often.  Wind damage is considered to 
be patchy, as downdrafts, derechos, tornadoes and cyclonic events flatten areas of up to 




catastrophic storm, biotic attacks from insects or pathogens may cause forest collapse, 
leading to the formation of an even-aged forest (Ministry of Forestry and New Zealand 
Farm Forestry Association, 1998). 
Snow damage leads directly to three forms of forest disturbance; avalanche, snow creep, 
and snow break (Wardle, 1984).  Aside from the fracturing of main stems of trees too 
thick to be bent, and tilting of trees, arising directly from avalanche impact, the formation 
of scars on the uphill faces of trees beside the avalanched areas, at the margin, may 
promote the ingress of insects (ibid).  Snow creep, where snow loading forces stems near 
the upper forest margin to grow horizontally downhill for a few metres, before resuming 
an upright form, is another manifestation of abiotic factors impacting upon higher-level 
beech forests (mainly L. menziesii).  Snow break can fracture stems and branches, 
sometimes flattening entire areas of beech forest, and the development of krummholz is 
 
Figure G.1: (Left), exterior, and (right) interior of a silver beech forest subjected to 
considerable snow break.  Normally, exterior view of such forest only rarely provides 
views of the tree stems because foliage density is greater.  Accumulated litter was up 
to 2 metres deep on the forest floor.  The string line (centre) leads towards the plot 
centre, 10 metres away (observer just to right of centre).  Plot 6, Painted Forest, 





known in this species (Veblen et al., 1996)(Figure G.1).  Natural disturbances arising 
mainly from wind throw or snow break are considered to have been the major factors in 
changes in forest tree line, not longer-term temperature changes (Cullen et al., 2001b). 
Beech forests seem not to be particularly susceptible to fire, but those to the east of the 
main divide are more prone, because of the drier conditions, than those to the west, where 
annual precipitation approaches or exceeds 2,000 mm (Wardle, 1984).  Snow break leads 
to increased fuel loading, which increases the damage from fire.  Understory litter, 
increased by that resulting from snow break, with moss and fungi on tree-trunks may 
result, under dry conditions, in high-intensity ground fires, and even low-intensity ones 
will scorch beech trees sufficiently to cause their death.  With hot dry winds, a ground 
fire may progress, via epiphytic growth or standing dead trees, into the crown, particularly 
under high wind conditions.  Spotting, the spreading of wind-blown embers and sparks, 
may occur over distances of several kilometres downwind, resulting in more fires.  The 
major non-anthropic fires seem to have been driven by plant chemistry, which permitted 
ignition following infrequent lightning strikes, while topography dictated the extent of 
the fires (Wardle, 1984; Perry et al., 2012; Guild and Dudfield, 2009). 
There is no obvious single repository for fire recordings.  Complications arising from 
changes in rural land tenure and in agencies responsible for forest fire-fighting, for rural 
fires and even vegetation conservation, have taken place over the past four decades, 
complicating research into this mode of forest disturbance.  The likelihood is that many 
of the plots to the east of the Main Divide have undergone burning, or, during European 
colonisation, sawmilling and burning, so at least some of the data may have come from 
regenerated forests. 
 
Biotic forest disturbance 
These are disturbances caused directly or indirectly by living things.  These include 
disturbance by parasitic plants and insects, fungi, soil biota and introduced mammals.  
The impact of introduced herbivores may have led to difficulties in finding L. menziesii 





Linkages of biotic with abiotic factors in beech forest die-back, followed by the 
emergence of an even-age stand, are clear, as damage resulting from drought-driven 
dessication, or severe frost, may lead to onset of attack by pin-hole beetles in vulnerable 
trees, including mature trees under stress (Platypus spp.)(Wardle, 1984; Poole, 1987).  
These stresses may accelerate tree die-off, with a periodicity of one to four hundred years, 
leading to the single-age stands frequently observed in the field (Veblen et al., 1996).  
Such “synchronous die-back” may be related also to older trees, more susceptible to 
environmental stress arising from droughts, and later vulnerability to insect attack 
(Wardle, 1984)(p. 312). 
Biotic forest disturbance – impact of deer 
A contributor to the difficulties of finding trees of the desired size in some of the plot 
localities desired for the present study may have been a result of the introduction of 
ungulates to New Zealand.  European red deer (mostly Cervus elaphus) were released at 
numerous sites and over many years between 1871 and 1921 in the present beech study 
areas (Thomson, 1922; Wodzicki, 1950; Logan and Harris, 1967; Logan, 2014).  These 
releases were for the purpose of ensuring a food supply, for recreation, and developing a 
recreational hunting industry for tourists (Wodzicki, 1950; Howard, 1966).  From these 
release points they spread at a rate of approximately 16 km per decade (Caughley, 1963), 
to occupy almost all of the western South Island by the late 1960s (Daniel, 1962; NZFS, 
1968) (Figure G.2). 
Cervid damage eventually excited public concern by the end of the First World War, as 
impacts on the herbivory became obvious.  Hunting had in some Acclimatisation Society 
areas been permitted from the late 19th century, but the predation was clearly not keeping 
pace with the reproductive rate (Wodzicki, 1950; Logan and Harris, 1967).  In 1931, all 
forms of protection were abolished, and deer were accorded pest status, to be subjected 
to central-government funded campaigns towards their extermination (Wodzicki, 1950).  
One of the beech study areas (Blue Mountains) is recognised as being occupied only by 
fallow deer (Dama dama dama), released there in the late 1860s (Wodzicki, 1950). 
The occupation of an area by deer (or any other browsing species) may be characterised 
by several phases following their initial visitation.  These phases are the initial 
colonisation of an area, followed by the ‘population establishment’ phase (when breeding 




decline with animal population far below that of the earlier peak (Howard, 1966).  The 
time frame for this sequence has been estimated as ranging between 20 to 30 years 
(Howard, 1966; Wardle, 1984; Forsyth and Caley, 2006).  During the peak population 
phase, it is known that the browsing pressure led to deer feeding on seedlings, including 
beech seedlings, such browsing effectively removing some, if not all of that age cohort 
from the structure of a future forest, along with other preferred (palatable) plants 
(Howard, 1966; Wardle, 1984).  The relative importance of silver beech, when compared 
to that of more preferred food species, suggests that browsing preference increased only 
in the ‘post-peak’ phase of the deer invasion, and that this species ranked in the lowest 
quarter of those found to be of interest to deer as a food source.  Seasonal and locational 
differences in these observations have been noted from rumen sampling, with beech 
featuring more often as alternative food sources became less widely available later in the 
season of plant growth (Wardle, 1984).  Such a sequence of preferential diet may only 
take place in areas where the species is particularly palatable, these palatability 
differences perhaps arising from the absence or presence of mineral elements taken up by 
the plants.  An alternative viewpoint has been offered, where browsing animals have been 
known to increase seedling densities by removing palatable broadleaf seedlings which 
often compete for light with beech seedlings, and where wild animal control has occurred, 
beech seedlings have been suppressed by an understorey dominated by broadleaved 
species (MoF and NZFFA, 1998). 
A dearth of suitable sized stems for the present study was observed in Northern Fiordland, 
Waikaia Bush, and the Blue Mountains. This suggested that in some localities, the 
seedling cohort L. menziesii had been so heavily browsed as to result in its disappearance.  
The advent of commercial wild animal recovery operations from the mid-1960s achieved 
a measure of control, particularly in areas more remote from regular recreational hunter 
access (Caughley, 1983).  A counter-argument to this possibility is if this was the case, 
then in some areas, there would be an absence of stems of ages greater than 45 to 50 years 
old, and this has not been commented upon by students of the topic (Wardle, 1984). 
Trees selected for core-sampling in the present study are in the 35 to 50 year age band 
(Smale et al., 2012) and would have been in the seedling stage in the 1960s and 1970s.  
An estimate of the time required for animals to arrive in an area, establish themselves to 




of time until a researcher arrives in an area, seeking tree stems of suitable size, may be 
derived by combining estimates of each contributing time-frame (Figure G.2). 
Spreading from their point of initial release until their ‘colonising’, at a rate of 16 
km/decade (Caughley, 1963), allows for the increase in animal numbers to far exceed the 
carrying capacity of the area 20 to 30 years after initial arrival (Forsyth and Caley, 2006), 
and then adding the age of the trees sought for sampling (Smale et al., 2012), suggests a 
time-frame total of the order of 55 to 70 years.  The onset of peak population to the arrival 
of the present student into an area, mid 2015, suggests, from an observed paucity of 
suitable-sized stems for sampling, that forest demography was altered in some localities 
by such incursions, and that stems of the age-group sought for the present study may have 
been eliminated in deer-favoured areas (Whitney, 1984, in Burrows, 1990). 
Loss of soil 
An additional factor, possible in high-intensity rainfall areas, is that of forest floor soil 
loss arising from the degraded understory resulting from excessive browsing.  This is 
suggested by the elevated platforms formed by tree roots of the order of 100 to 200 mm 
in diameter, found in the Lower Hollyford during field work.  Trees were rooted in the 
current ground level but the presence of a platform of roots radiating horizontally from 
the main stems for a considerable distance, some 1.5 to 2 m above ground, suggested an 





Figure G.2:  Deer release dates, arrival dates at plots, and estimated time to build up 
to peak populations there.  Such population peaks could have removed entire age 





Appendix H Comparison of readings 
Table H 1: Comparison of readings between Reader 1 and Reader 2, with differences, 
standard deviations (St dev) and coefficients of variation (C of V) in millimetres (mm). 
 
 
Table H 2:  Comparison of statistics from the two readers, by plot. 
n = 16 CF AK Δ (reader 2 – reader 1) 
Mean 1.13 1.05 -0.08 
St dev 0.26 0.26 -0.87 
C of V 0.23 0.24 0.01 
 
 
Table H 3:  Comparison of statistics from the two readers, by year. 
n = 40 CF AK Δ (reader 2 – reader 1) 
Mean 1.20 1.05 -0.15 
St Dev 0.26 0.14 -0.12 








(mm) St dev C of V
Average 
growth 
(mm) St dev C of V
Average 
growth 
(mm) St dev C of V
5 1.92 0.46 0.24 1.84 0.45 0.24 -0.074 -1.47 0.00
3 1.65 0.71 0.43 1.60 0.77 0.49 -0.052 -0.87 0.06
11 1.42 0.21 0.15 1.10 0.27 0.24 -0.324 -1.16 0.10
12 0.82 0.27 0.33 0.76 0.19 0.25 -0.051 -0.63 -0.08
2 1.75 0.28 0.16 1.75 0.27 0.16 -0.001 -1.48 -0.01
1 1.47 0.26 0.18 1.25 0.24 0.19 -0.224 -1.23 0.02
7 0.80 0.13 0.16 1.30 0.22 0.17 0.496 -0.59 0.00
8 1.02 0.23 0.23 0.95 0.16 0.17 -0.068 -0.86 -0.05
15 0.83 0.19 0.23 0.65 0.13 0.20 -0.183 -0.70 -0.02
10 0.71 0.17 0.24 0.64 0.11 0.18 -0.072 -0.60 -0.06
9 0.85 0.23 0.27 0.86 0.43 0.50 0.005 -0.43 0.23
4 1.24 0.23 0.18 1.21 0.18 0.15 -0.023 -1.06 -0.04
14 0.83 0.20 0.24 0.72 0.18 0.24 -0.106 -0.65 0.00
13 1.48 0.20 0.13 1.06 0.34 0.33 -0.427 -1.14 0.19
6 0.75 0.15 0.20 0.59 0.09 0.16 -0.157 -0.66 -0.05
16 0.59 0.17 0.29 0.59 0.13 0.22 -0.008 -0.47 -0.07
Mean 1.13 0.26 0.23 1.05 0.26 0.24 -0.079 -0.87 0.01
Reader 1 (CF) Reader 2 (AK) Δ reader 2 - reader 1
